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ABSTRACT 
 
Oxygen reductase members of the heme-copper oxidoreductase superfamily are 
redox-driven proton pumps which couple the free energy liberated from the reduction of 
O2 to the translocation of protons across the membrane. The A-family requires two proton 
input channels (D- and K-channels) to transfer protons used for oxygen reduction 
chemistry and proton pumping, with the D-channel transporting all pumped protons. We 
use comparative genomics, site-directed mutagenesis, and redox kinetics to demonstrate 
that the B-family of oxygen reductases utilize only one proton input channel, structurally 
analogous to the K-channel, for the delivery of protons for both chemistry and pumping. 
Since all of the oxygen reductase families are evolutionary related and perform the same 
chemistry for oxygen reduction, we propose that they must also share an evolutionary 
conserved mechanism for proton pumping. Comparative analysis between all oxygen 
reductase families identifies the A-propionate of the active-site heme as the most likely 
proton loading and the kinetic gating site. According to the crystal structure of ba3 
oxidase in T. thermophilus, two highly conserved residues, D372 and H376 which are 
located at the interface of subunit I and II of complex, form ion pairs with the 
A-propionate of active-site heme a3. A set of mutations of D372 and H376 are made and 
examined in this work. Interestingly, mutations of D372I and D372A still remain ~50% 
and 15% electron transfer activity respectively, but abolished proton translocation. 
Furthermore, the reduced minus oxidized FTIR difference spectra of the D372I also show 
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significant changes in the protonated heme propionate signals. These results suggest that 
the H-bonding network A-propionate heme a3-D372 might play an important role in 
proton translocation. Heme c binding proteins have been well identified in Vibrio 
cholerae. Of these, two predicted c-type cytochromes, diheme c4 (encoded from gene 
cycA) and monoheme c5 (encodes from gene cycB), have high conservative amino acid 
residues in all of the Vibrio strains and are significant homologues in other known 
bacteria. Both of them are predicted to transfer electrons on the respiratory chain in V. 
cholerae. In the current work, cytochromes c4 and c5 have been cloned and expressed 
heterologously in E. coli. It is shown that reduced cytochrome c4 is a substrate for the 
purified cbb3 oxygen reductase and can support steady state oxygen reductase activity of 
at least 300 e-1/s. In contrast, reduced cytochrome c5 is not a substrate for the cbb3 oxygen 
reductase. Cyclic voltammetry was used to determine that the midpoint potentials of the 
two hemes in cytochrome c4 are 240 mV and 340 mV (vs SHE), similar to the 
electrochemical properties of other c4-type cytochromes. The majority of cytochrome c4’s 
are found in β- and γ- proteobacteria. Genomic analysis shows a strong correlation 
between the presence of a c4-type cytochrome and a cbb3 oxygen reductase within the β- 
and γ- proteobacterial clades, supporting our proposal that cytochrome c4 is the likely 
natural electron donor to the cbb3 oxygen reductases within these organisms. These 
would include the β- proteobacteria Neisseria meningitidis and Neisseria gonnorhoeae, in 
which the cbb3 oxygen reductases are the only terminal oxidases in their respiratory 
chains, and the γ- proteobacterium Pseudomonas stutzeri.   
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CHAPTER 1: INTRODUCTION 
 
1.1 Overview of cytochrome c oxidase: 
Cytochrome c oxidases (CcO) belong to the heme-copper family and are the 
terminal enzyme of the respiratory chains (1, 2). These enzymes catalyze the reduction of 
O2 to water and pump protons (8 Hin+ + O2 + 4e- → 4Hout+ + 2 H2O) (Figure 1.1). The 
source of electrons from quinol can be either transferred directly to quinone oxidase 
(such as bo3 quinone oxidase, a heme-copper protein) or to cytochrome c which can be 
further transferred to CcO concomitant with the oxidation of reduced cytochrome c. 
Protons Hin+ are taken up from the negative (N) side of membrane (cytoplasm), and Hout+ 
refers to protons released into positive (P) side of membrane (periplasm) through proton 
channels (3). For the biological contexts, the free energy released by the oxygen 
reduction is conserved as a transmembrane proton gradient which can be utilized for 
other biological activities, for example, ATP synthesis. 
Cytochrome A-type aa3 oxidase of Rhodobacter sphaeroides is a simplified version 
of the eukaryotic mitochondrial cytochrome oxidase. Four subunits with the core 
complex consisting of subunit I and subunit II have been proposed. Optical spectroscopy 
is widely used in studying aa3 oxidase. The oxidized enzyme shows a Soret band at 
420nm (solid line) where the reduced enzyme shifts the Soret band to 444nm and the 
α-band of heme a is shown at 605 nm (broken line). Under anaerobic condition, adding 
CO to the oxidized enzyme will shift the Soret band to 431nm and a shoulder at 590 nm 
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in the α-region (4) shows in dashed line (Figure 1.2). 
The crystal structures of the A-type cytochrome aa3 from Paracoccus 
denitrificans, bovine heart and Rhodobacter sphaeroides (5-7) have revealed two putative 
proton channels, K- and D-pathways (Figure 1.3). The K-channel is named after a 
conserved lysine residue (K362 in Rhodobacter) used to deliver protons to the binuclear 
center for the reduction of oxygen (8, 9)
.
 Several highly conserved residues are involved 
in this pathway, like residues T359, K362 and S229 in subunit I and E101 which is the 
entrance of K-channel in subunit II. K362 is the key residue which is buried in the 
enzyme. The K362M mutant has a turnover rate <1% of the wild-type (10). A series of 
the K-channel entrance, E101(II), mutants have 10% to 30% oxidase activity and can 
pump protons. These mutations indicate that the K-channel may not be used for pumping 
protons (11). It is suggested to be used only for proton transfer towards the binuclear 
center for chemistry of oxygen reduction (12). 
The D-channel is composed of a series of polar and conserved residues and 
well-defined water molecules leading from D132 via N139, N121 and S201 to a highly 
conserved residue, E286 near the enzyme active site, which has been shown to be crucial 
for proton pumping (13, 14). It is believed to provide protons, both for the chemistry of 
O2 reduction at the active site and for the proton pumping (15, 16). Replacement of D132 
by either asparagine (D132N) or alanine (D132A) result in an enzyme with <5% turnover 
and eliminates proton pumping (17, 18). E286Q and E286A mutants have a turnover 
activity less than 0.5% of the wild-type (19). 
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1.2 Cytochrome ba3 oxidase: 
Thermus thermophilus, gram negative strain, was originally isolated from a 
thermal vent environment in Japan. It’s the extremely thermophilic bacterium and can 
survive at high temperature around 60~85 oC. Some Thermus species enzymes are 
already used in biotechnological applications such as DNA polymerase used in PCR 
techniques. I am interested in B-type CcO ba3 from T. thermophilus, first was described 
in 1987 by Dr. Fee, our collaberator in Scripps Institute. 
The B-type CcO ba3 from T. thermophilus is another member of the heme-copper 
oxidase superfamily. Amino acid sequence comparisons of ba3 protein subunits with 
other of the heme–copper oxidase members (aa3) only have 20% sequence identity. 
However, the three-dimensional crystal structure shows a similar protein fold and 
locations of the canonical redox centers. Based on several polar residues and well-defined 
water molecules connected by hydrogen bonds in the crystal structure, there are three 
proton-input pathways have been proposed (20), analogs of the K and D channels plus a 
novel Q channel. The predicted K-pathway leads from E15 via T315, T312, S309, Y248 
and Y244 to the active site (Figure 1.4A). The putative D-pathway, leads from E17, 
R100 via Tyr91, T21 and a number of polar residues such as S109, S155 and T156 to an 
internal cavity very close to the active site (Figure 1.4A). The proposed Q-pathway, starts 
at the Q254 and leads to T396, T394 and S391 to the heme a3 ligand H384; and then 
merges with a putative proton exit pathway containing D287 and D372, which are 
“above” the hemes on the positive side of the membrane (Figure 1.4B). CcO ba3 has 
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been shown by several laboratories to pump protons (21). Interesting, according to the 
sequencing alignment of more than 100 species of predicted B type oxidases, the only 
pattern of conserved polar residues coincides with the predicted K-channel but not the 
putative D or Q channels. Residues E15(II), T312, T309, Y248 and S261 are 100% 
conserved in all the B type oxidases. Residues D262, Y244, T315 are 90% conserved. 
These residues are in the region where one expects the K channel analog. The pattern of 
conserved residues within this B-family suggests that the K-channel is the only 
proton-input channel in these oxidases. 
 
 
 5 
1.3 Nature electron donor of cytochrome cbb3 Oxidase: 
Cyt c4 proteins have been found and characterized in some organisms. However, 
their biological function in the cell is still unclear. In general, Cyt c4 has two hemes in 
two symmetric cytochrome c domains with a molecular mass approximately 20 kDa (22, 
23, 24, 25). The unique motif, Cys-Xaa-Xaa-Cys-His (CXXCH), is the place that heme c 
binds. It was suggested that one heme may be used as an entrance and the other as an exit 
for the electron transfer (22). Two putative c-type cytochromes, VCc4 (V. cholerae Cytc 
c4) and VCc5 (V. cholerae Cyt c5) encoded from gene cycA (VC0112) and cycB (VC0168) 
have been found in Vibrio cholerae. They are predicted to have a cleavable N-terminal 
signal peptide for targeting to the periplasm and could play an important role of 
transferring electrons in the aerobic respiration in V. cholerae (26). So far, only few Cyt 
c4 proteins (including VCc4) have been purified and characterized (Figure 1.5). 
Sequence alignment reveals that VCc4 has 30~50% identity to the c4 proteins from 
Azotobacter vinelandii, Pseudomonas stutzeri, Pseudomonas putida and Acidithiobacillus 
ferrooxidans and over 80% identity to Vibrio parahaemolyticus. Amount of these, 
however, only the function of c4 in Acidithiobacillus ferrooxidans is clearly known, and 
that it is an electron donor of copper protein rusticyanin by EPR and Stopped-flow 
experiments (27). Recently, Ohmine et al. proposed that the purified recombinant Cyt c4 
from the purple bacterium, Rubrivivax gelatinosus, can reduce the photo-oxidized 
reaction center and could be involved in the photosynthetic electron transport chain (28).
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1.4 Figures and tables: 
 
 
 
Figure 1.1 The mitochondrial respiratory chain. 
Structures are the mitochondrial enzymes or bacterial analogs of the respiratory chain. 
Cytochrome c oxidase was named as complex IV and ATP synthase was named as 
complex V. (from Ilya Belevich & Mårten Wikström) 
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Figure 1.2 Spectral characteristics of the canonical A-type cytochrome c oxidase.  
Solid line: oxidized enzyme; broken line: reduced enzyme; dashed line: CO-mixed 
valence. 
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Figure 1.3 Structure of the two proton channels of A-type CcO from R. sphaeroides. 
The two key subunits I (light blue) and II (yellow) are depicted in the cell membrane 
along with low-spin heme group and binuclear center. The electron pathway is shown in 
red. Protons are taken up from the N-side of the membrane by two pathways, the D- and 
K-channels. 
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Figure 1.4 Three putative proton channels in the ba3 oxidase from T. thermophilus. 
(A) The K-channel analogue leading from E15(II) via T315, T312, S309, Y248, Y244 
and Tyr-His cross link to the active site are shown in black. The D-channel analogue, 
shown in red, leads from E17 to an internal cavity very close to the active site via R100, 
Tyr91, T21, S109, S155 and T156. (B) The novel Q-channel, shown in brown, starts at 
Q254 and leads to the heme a3 ligand H384 via T396, S391, and Q388. It is proposed to 
merge with a putative proton exit pathway containing D287, D372 and H376, which are 
above the hemes on the positive side of the membrane. Subunit I is magenta, subunit II 
and IIa are green, the hemes are dark blue, and the copper atoms are yellow.
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CHAPTER 2: THE BA3-TYPE CYTOCHROME C OXIDASE FROM THERMUS  
             THERMOPHILUS USES A SINGLE INPUT CHANNEL FOR   
             PROTON DELIVERY TO THE ACTIVE SITE AND FOR        
             PROTON PUMPING 
 
2.1 Introduction: 
Aerobic respiration in mitochondria and many Bacteria and Archaea is performed 
by oxygen reductase members (i.e., cytochrome c oxidase) of the heme-copper 
oxidoreductase superfamily. These redox-driven proton pumps couple the reduction of O2 
to the translocation of protons across the membrane (1).  
O2 + 8 H+IN + 4 e-  2 H2O + 4 H+OUT. 
 
The protons required for catalysis and translocation are derived from the cytoplasmic side 
of the membrane and are transferred to the active-site via proton-conducting channels 
composed of internal water molecules orientated by conserved polar amino acid side 
chains.  Genomic and structural analyses have identified three major oxygen reductase 
families (A-, B- and C-families) within the superfamily, revealing dramatically different 
properties of their conserved proton channels (2, 3). 
Site-directed mutagenesis experiments coupled with structural analysis have 
identified two conserved proton channels critical for function within the A-family, the K- 
and D-channels (13-15). The K-channel leads from a glutamate residue at the 
cytoplasmic interface of subunits I and II to the cross-linked histidine-tyrosine cofactor 
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(16) in the active site (Figure 2.1A). The K-channel has been proposed to transfer two 
protons to the binuclear center for the chemistry of oxygen reduction during the OR 
phase (Figure 2.2) of the reaction cycle
.
 The D-channel leads from an aspartate on the 
cytoplasmic surface of subunit I to either a glutamate or tyrosine residue around 10  
from the binuclear center (Figure 2.1A). This channel is responsible for transferring six 
of the protons needed to complete each catalytic cycle, including all four of the pumped 
protons. Mutations of conserved residues at the beginning and end of the D-channel 
(D132N and E286Q) eliminate catalytic function (13-15). Significantly, within the 
D-channel a number of decoupling mutations have been identified (N207D, N139D and 
N121D) which have high oxygen reductase activity without the concomitant proton 
pumping (15). Residues forming both channels are highly conserved evolutionarily 
within the A-family, highlighting the importance of the protein in maintaining competent 
proton transfer pathways. 
Previous structural analysis of the B-family ba3 oxidase from Thermus 
thermophilus originally identified three putative proton input pathways (17) (Figure 1.4). 
The first two proposed pathways are spatially analogous to the K- and D-channels in the 
A-family, whereas the third, the Q-channel, leads from a glutamine on the cytoplasmic 
surface to the histidine axial ligand of heme a3 (Figure 1.4).  
A number of models of the proton pumping mechanism have been proposed for 
the oxygen reductases in both the A-(4-11) and B-families (9, 12), however all of these 
models contain features which are unique to the individual oxygen reductase families 
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studied. To date no model has been proposed which is universally applicable to all 
oxygen reductase families. The key remaining questions regarding enzyme function are, 
(i) how is O2-reduction chemistry coupled to proton pumping, (ii) what is the identity of 
the proton loading site (PLS), and (iii) what are the mechanisms of gating that assure 
unidirectional proton flow? 
 
2.2 Materials and methods: 
2.2.1  Sequence Analysis 
B-family sequences from sequenced genomes were retrieved from the National 
Center for Biotechnology Information (NCBI), Department of Energy Joint Genome 
Initiative (JGI), and the J. Craig Venter Institute (JCVI) databases. The sequences were 
aligned using MUSCLE (31). Conserved residues were identified with BIOEDIT. 
 
2.2.2 Purification of recombinant proteins  
The expression and purification of the Thermus thermophilus ba3-oxidase was 
performed as previously described (32). Thermus cytochrome c552 was also prepared as 
previously described (33). 
 
2.2.3 Site-directed mutagenesis  
Mutants were constructed using QuickChange site-directed mutagenesis kits 
obtained from Strategene. DNA oligonucleotides were synthesized at either the UIUC 
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Biotechnology Center (Urbana, IL) or Integrated DNA Technologies (Coralville, IA). 
Sequence verification of the mutagenesis products was performed at either the TSRI 
nucleic acids center or the UIUC Biotechnology Center. 
 
2.2.4 Steady-state activity  
Steady-state oxygen reductase activity was measured with a YSI model 53 oxygen 
meter equipped with a water-jacketed and stirred-glass measuring vessel. The reaction 
mixture contained 1.8 mL of buffer (10 mM Tris-HCl, 0.05% DM at pH 7.5), 10 mM 
ascorbate, 0.5 mM TMPD, and 30µM cytochrome c552, which was prepared as previously 
described (33, 34). The enzyme turnover (mol electrons/second-mol enzyme) was 
calculated from the slope of the oxygen consumption traces.  
 
2.2.5 Preparation of liposomes and proton pumping measurement  
Cytochrome oxidase vesicles (COVs) were made as previously described (25). 
The purified enzymes were each reconstituted into phospholipid vesicles. In the presence 
of excess reduced cytochrome c552 the solution was allowed to go anaerobic. Then 
air-saturated buffer was added in an amount to result in about 20 to 40 turnovers of the 
enzyme. In the presence of valinomycin to increase K+ permeability, proton pumping was 
revealed by a decrease in pH, with protons being driven outside the vesicles being 
electrically balanced by K+ going in. Addition of the proton ionophore CCCP destroys the 
proton gradient allowing protons to rapidly equilibrate between the inside and outside of 
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the vesicles. In this condition, the addition of oxygen increases the pH, due to the net 
uptake of protons due to the net chemical reaction. Proton-pumping experiments were 
also carried out using a stopped-flow technique. pH changes upon mixing of reduced 
cytochrome c552 with vesicles containing the ba3-oxidase were monitored at 558.7 nm, 
which shows the color change of the pH-indicator phenol red, at a wavelength that is 
strictly isosbestic for the reduced and oxidized states of cytochrome c552 (25).  
 
2.2.6 Reduction Kinetics 
The solution containing the ba3 oxidase (5 µM enzyme in 50 mM Tris-HCl and 
0.1% DM pH 7.5) was loaded in one of the driving syringes of the stopped-flow device. 
Buffer containing 10 mM TMPD with 30 mM dithionite was loaded into the other driving 
syringe. Upon mixing, the oxygen in the solution is quickly removed by reaction with 
dithionite, and the enzyme is subsequently reduced by the TMPD and dithionite mixture. 
 
2.2.7  Oxidation Kinetics  
The oxygen free solution containing the ba3-oxidase (5 µM enzyme and ~100 
µg/mL catalase in 50 mM Tris-HCl, pH 7.5, and 0.1% DM) was loaded in one of the 
driving syringes of the stopped-flow device. About 400 µM dithionite was used to reduce 
the enzyme loaded into the same driving syringe. The presence of catalase eliminates any 
hydrogen peroxide that might be generated during the reaction. Oxygen-saturated 
Tris-HCl buffer was loaded into the other driving syringe. After mixing, the dithionite is 
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rapidly eliminated by reaction with excess O2, and the reduced enzyme is subsequently 
oxidized by O2. 
 
2.2.8  Preliminary geometry optimization   
The extracted atomic cluster shown in Fig. 3 was subjected to geometry 
optimization using methods exactly as described earlier (35), section 3.5. One proton, 
corresponding to the CA position of each residue, as described, was held fixed during the 
optimization process.   
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2.3 Results: 
2.3.1  Identification of a single functional proton channel in the B-family 
Sequence analysis of the B-family shows that residues forming the proposed D- 
and Q-channels are not conserved. Since the residues forming the proton channels in the 
A-family are highly conserved, this suggests that the putative D- and Q-channels in the 
B-family are not functional proton channels. However, mapping the conserved residues 
of the B-family (Table 2.1) onto the structure of the T. thermophilus ba3 oxidase 
identifies a number of residues (E15(II), T312, S309, Y248, S261, and Y237) which 
could potentially form a proton channel structurally analogous to the K-channel found in 
the A-family oxygen reductases (Figure 2.1A).  
We used site-directed mutagenesis to identify residues critical for proton 
transfer in the B-family. Conserved residues within the K-channel analogue were mutated 
to nonpolar residues in order to eliminate their hydrogen-bonding capability. Several 
mutations (S309V, T312V, Y248F, Y248T, E15(II)A, and E15(II)Q) completely eliminate 
oxygen reductase activity (<1%), presumably by blocking proton transfer to the active 
site (Table 2.2). Two other mutants (T312K and T315V) have low oxygen reductase 
activity (5%) and are unable to pump protons. These results differ from those reported for 
the K-channel mutants in the A-family which, even with low oxygen reductase activity, 
are still able to pump protons via the D-channel (15). The data imply that, in the B-family 
enzymes, the K-channel analogue is used to deliver both chemical and pumped protons.  
Conservative mutations within the K-channel analogue (E15D, S309T and T312S) retain 
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oxygen reductase activity and proton pumping (Figure 2.1-1), clearly demonstrating that 
within this channel the protein plays an active role in orientating the water molecules for 
competent proton transfer (18).  
To determine whether the D-channel analogue in the B-family is functionally 
important, all of the polar and hydrophilic amino acids within the proposed channel were 
mutated to nonpolar residues (Figure 1.4 and Table 2.2). Most of the mutations (E17Q, 
T21V, Y91F, R100M, S109A, S155A, T156A, I235E and I235Q) along the length of the 
channel have little or no influence on catalytic activity or proton pumping (Figure 2.1A 
and Table 2.2). Mutation of the residue proposed to be the entrance of the putative 
D-channel (E17Q) has about 50% of the activity of the wild type enzyme. This is in stark 
contrast to mutations at the entrance of the D-channel in the A-family, which render the 
enzyme completely inactive. Mutations in the putative Q-channel (Q254E and T396V) 
show similar results. All mutants have relatively high activity coupled to proton pumping 
(Table 2.2). A double mutation, simultaneously blocking the entrances to both the 
putative D- and Q-channels (E17Q- Q254L), results in an enzyme with high activity 
which is coupled to proton pumping. These experimental results, coupled with the lack of 
conservation of any putative D- or Q-channel residues, confirm that they do not function 
as proton-conducting pathways in the B-family. 
 Although the mutagenesis results demonstrate that the putative D- and Q-channels 
in the B-family do not play a role in proton transfer, this does not exclude the possibility 
that there are other proton input pathways. However, there is no pattern of conserved 
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polar residues within the B-family which could form an alternative proton channel (Table 
2.1). To verify the absence of other proton input pathways, we measured the rate of 
reduction of the fully oxidized enzyme, and the rate of oxidation by O2 of the fully 
reduced enzyme utilizing mutants in the K-channel analogue. In the A-family, mutations 
in the D-channel block different steps in the catalytic cycle (Figure 2.2) than those 
blocked by mutations in the K-channel (14). Mutations in the D-channel selectively 
inhibit the oxidative half of the catalytic cycle. Complete oxidation of the fully reduced 
enzyme by O2 requires protons provided by the D-channel. Blocking the rate of proton 
delivery through the D-channel blocks electron transfer from the low spin heme to the 
active site, therefore preventing the complete four-electron oxidative reaction. Mutations 
in the K-channel have no influence on this reaction. These mutations, instead, selectively 
inhibit the reduction of the active site prior to the reaction with O2, i.e., the reductive half 
of the catalytic cycle. The low spin heme is rapidly reduced upon adding reductant, but 
electron transfer from the low spin heme to reduce the active site is blocked by the 
K-channel mutants. Electron transfer in this reaction is limited by the rate of proton 
delivery through the K-channel. D-channel mutants have no significant influence on this 
reaction (14).   
 In the B-family, if all protons are delivered to the active site only through the 
K-channel analogue, then mutations blocking the K-channel analogue should block both 
the oxidative and reductive reactions. The rates of the oxidative and reductive reactions 
were measured for the wild type and three K-channel mutants (Y248F, T312V and E15A) 
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(Table 2.3). In examining the rate of reduction of the fully oxidized enzyme, the three 
mutants have little influence on the rate of reduction of heme b, but virtually block 
electron transfer from heme b to heme a3. This demonstrates that the K-channel analogue 
plays a role in the reductive half of the catalytic cycle. An examination of the rate of 
reaction of the fully reduced enzyme with O2 demonstrated that both the T312V and 
E15A mutations essentially block the oxidation reaction of both heme a3 and heme b 
(Table 2.3). The block due to the Y248F mutation is less severe, but the rate of oxidation 
of heme b is slowed down by at least a factor of four compared to the wild type.   
 These data show that the K-channel analogue in the B-family is important for 
both the reductive and oxidative halves of the catalytic cycle. The results exclude the 
possibility that any other proton input pathways are involved in the delivery of chemical 
protons to the active site in the B-family. We conclude that the K-channel analogue is the 
only functional proton conduction pathway in the B-family and is solely responsible for 
the delivery of all protons, for both catalysis and pumping. 
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2.4 Discussion and conclusions: 
2.4.1  Selection for increased O2 diffusion rate may explain the loss of the  
      D-channel  
Members of the B- and C-families have a high apparent affinity for O2 and are 
expressed in organisms under low O2 conditions, such as at high temperatures, 
oxic/anoxic interfaces, or in suboxic hypersaline mats. Phylogenetic and genomic 
analyses show that the B- and C-families evolved from the A-family (J.H., L. Pace and R. 
B. G., in preparation). Recent data (19, 20)shows that members of the C-family also lack 
the D-channel and have only one functional proton input channel. This raises the question 
of why Nature would select for the loss of the D-channel in enzymes adapted to low O2 
environments.  
In the heme-copper oxygen reductases the binding of O2 to the active site is 
relatively weak, however the apparent KM of the enzyme is determined by the rate of 
diffusion of O2 into the active site. This is because fast electron transfer kinetically traps 
the O2 in the active site. Therefore, a higher diffusion rate is associated with a lower 
apparent KM. Molecular oxygen is nonpolar and is transported to the active site via 
channels lined with hydrophobic residues. In the A-family site directed mutagenesis and 
nobel gas pressurized crystallography, which identifies hydrophobic cavities within 
proteins, delineated an oxygen channel with a single opening which runs parallel to the 
membrane near the edge of the D-channel (21). However, nobel gas pressurized 
crystallography on the ba3 oxygen reductase from T. thermophilus demonstrated that the 
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oxygen input channel in the B-family is much larger, has two openings, and most 
importantly runs through the center of the pore where the D-channel analogue would be 
located (22, 23). This provides the enzyme with a substantially larger surface area for O2 
to diffuse into the active site, increasing the rate of diffusion, consequently leading to a 
lower apparent KM for the B-family. We suggest that the hydrophobic nature of the 
oxygen channel precludes the simultaneous presence of a hydrophilic proton channel in 
the same physical region. It appears that the D-channel was lost in the B-family to 
maximize the rate of O2 diffusion into the active site. 
The lack of a D-channel may have an influence on pumping efficiency, since the 
B-family of oxygen reductases appear to pump protons with a lower efficiency than the 
A-family (0.5 vs 1 proton/electron) (24-26). This suggests that in the B-family of oxygen 
reductases natural selection has traded pumping efficiency for the ability to function at 
lower O2 levels. 
 
2.4.2  Proposal of theoretical proton pumping mechanism 
Most models of proton pumping are based on an electrostatic coupling between 
electron and proton transfer (4-10) in which a protonatable pump site(s) alternates its 
protonation state during the catalytic cycle, coupled to the redox states of the metal 
cofactors. Minimally any proton pumping mechanism requires the following three 
elements: (i) a chemistry generating a proton deficiency; (ii) a “pump site” (proton 
loading site) that alternates between protonated (high-pKa) and deprotonated (low-pKa) 
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states; (iii) and kinetic gates to assure that the protons arriving at the pump site in the 
deprotonated state come from the “inside” aqueous phase (cytoplasm/matrix), and that 
protons ejected from the pump site in the protonated state are released to the outside 
aqueous phase (periplasm/inter-membrane space). The kinetic gate guarantees that proton 
movement will be unidirectional, with no protons from the outside or from the pump site 
returning to the active site or the inside aqueous phase.   
Recent studies utilizing time-resolved optical spectroscopy and electrometric 
measurements on the B-family (24, 26) have demonstrated that the mechanism of O2 
reduction to water is essentially the same as in the A-family, with a novel active-site 
cross-linked cofactor donating an electron and proton to break the O2 bond. The C-family 
also contains this same redox-active histidine-tyrosine cofactor (16, 27) and certainly 
utilizes the same reaction mechanism. Since all of the oxygen reductase families are 
evolutionarily related and share a common reaction mechanism generating a proton 
deficiency at the active site, it is highly likely that they also share a conserved universal 
mechanism for proton pumping. The proton loading site(s) and the kinetic gating 
mechanism(s) should be the same for all families and structurally conserved (28).  
In the A-family, all of the pumped protons are delivered by the D-channel, 
whereas in the B- and C-families all the pumped protons must use the K-channel 
analogue. Given the strong likelihood that the core mechanism of the proton pump is 
universal, it follows that the proton channels must function solely for proton delivery and 
that residues in the proton channels do not play central roles in the pumping and gating 
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mechanisms. For example, several mechanisms of kinetic gating in the A-family have 
focused on the dynamics of the E286 residue (29, 30), which is located at the top of the 
D-channel in some members of this family. However if the kinetic gating mechanism is 
shared by all the oxygen reductases, then such a role for E286 is unlikely. 
Remarkably the identification of the proton pump site has remained elusive, 
primarily due to the transient nature of the protonation/deprotonation cycle. Candidates 
that have been recently proposed (4-12) include (R. sphaeroides numbering): tryptophans 
near the active-site (W172 and W280), either or both of the CuB ligands (H333 and 
H334), the D-propionate of the active-site heme, either of the arginines forming ion pairs 
with the D-propionates of the two hemes (R481 and R482), an arginine near the formyl 
group of heme a (R52), the A-propionate of active-site heme, and a cluster of water 
molecules above the active site between subunits I and II. However, all of the previous 
models have been based on experimental results derived from only one family, either the 
A- or B-family, and none have been proposed which would be applicable to all of the 
oxygen reductase families.  
Comparison of the structural properties conserved between the heme-copper 
oxygen reductase families, along with the requirement that the proton pump site must be 
able to cycle between protonation states multiple times during each reaction cycle, leaves 
only the CuB ligands and the active-site heme propionates as viable candidates for the 
proton pump site. Geometrical considerations of the proton channels used for pumped 
protons further narrows the identity of the proton pump site to the A-propionate of the 
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active-site heme. 
Hence, we propose a theoretical proton pumping mechanism in B-family oxygen 
reductase, probably applicable to all oxygen reductase families, that is centered around 
the A-propionate of the active-site heme. Protons can be transferred to a histidine ligand 
of CuB, and then to the A-propionate of active-site heme. In the A-family, the pumped 
protons are transferred through the D-channel to the δN of the H334 ligand (R. 
sphaeroides) of CuB, and then to the A-propionate (Figure 2.1A). This route of proton 
transfer is not geometrically feasible in the B-family (Figure 2.1B), since the protons 
would have to be transferred directly through the active-site to reach this histidine. We 
propose that the translocated protons are instead transferred through the K-channel 
analogue to the δN of the H282 ligand (H333 ligand in R. sphaeroides) and then to the 
A-propionate (Figure 2.1B). The identification of the active-site heme A-propionate as 
the most possible proton pump site is in accordance with recent experimental results from 
members of the A-family (4, 7). 
If, as we propose, the kinetic gating mechanism(s) is also shared by all of the 
heme-copper oxygen reductase families, this mechanism(s) most likely also involves the 
histidine ligands to CuB and the A-propionate of the active site heme.  
 
2.4.3  Summary 
The redox-coupled proton pump of the heme-copper oxygen reductases is an 
intricate device that appears to have evolved only once during the course of evolution.  
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Sequence and structural comparison among the diversity of heme-copper oxygen 
reductases is a powerful tool to help focus attention on the elements that are common 
features and, therefore, likely to be universally functionally important. Reasonable 
conclusions from this work that also are consistent with current literature are (i) all 
heme-copper oxygen-reductases share a common active-site structure that catalyzes 
similar O2-reduction chemistry, (ii) the proton channels are likely to be conveyors of 
protons rather than being specifically involved as gating elements, (iii) the proton-loading 
site and unidirectional gate(s) are likely to derive from the common active site structure, 
and (iv) future efforts are likely to reveal additional structural diversity in the channels by 
which protons move from the “inside” to the active site. 
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2.5 Figures and tables: 
 
 
Figure 2.1 Comparison of the proton delivery pathways for the A- and B-families of      
heme-copper oxygen reductases.  
(A) The two key subunits I (light blue) and II (yellow) are depicted in the cell membrane 
along with low-spin heme group and binuclear center. The electron transfer pathway is 
shown in red. In the A-family protons are taken up from the N-side of the membrane by 
two pathways, the D- and K-channels. In the B-family there is only one functional 
pathway, the K-channel analogue (dark blue arrows). The pumped protons are released to 
P-side of the membrane (dark blue arrows). (B) The proton pump site. In the A-family 
pumped protons are taken up via the D-channel, ending at Glu286. They are then either 
transferred to the D-propionate (solid red arrows) or the histidine ligand of CuB closest to 
the D-channel (dashed red arrows). From there the protons are transferred to the 
A-propionate. In the B- and C-families the protons are taken up by the K-channel 
analogue and transferred to either the A-propionate directly (solid blue arrows) or the 
histidine ligand of CuB closest to the K-channel analogue and then to the heme 
A-propionate (dashed blue arrows). The figure was prepared with program VMD (UIUC) 
and PyMOL (Delano Scientific) from the crystal structure reported in (17, 23). 
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Figure 2.1-1 Proton pumping measurements on three mutant forms of Tt cytochrome ba3 
using the stopped-flow procedure described in the Materials and Methods section of the 
paper. Qualitatively, the H+/e- ratios are comparable with wild-type enzyme. 
 31 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Reaction cycle of heme-copper oxygen reductases.  
The A-, B, and C-families share a similar reaction cycle.  
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Table 2.1 All conserved residues of the oxygen reductase B-family.  
The potential role of each residue is indicated when possible. 
(www.MicrobialRespiration.org).   
 
Subunit I 
100% Conservation 
Residue Suggested role     
Q42  Near low-spin heme (Midpoint potential ?) 
Y65 H-bond with D-propionate of low-spin heme 
H72 Low-spin heme ligand 
G73 
G116 
T134  Water pool on top of propionates 
Y136  Water pool on top of propionates 
P138 
P180 
W193  H-bond T156 
F228 
H233  CuB ligand 
V236  O2 channel  
Y237    Active site tyrosine/K-channel 
W239  
P242 
Y248   K-channel  
P252 
S261  
P278 
G280 
H282  CuB ligand  (Potential pump site) 
H283  CuB ligand  
P288 
K295  Water pool on top of propionates  
T302   H-bond  
P308 
T312  K-channel 
F314 
E321  Salt bridge R325 
W335 
P340 
G363 
N366  Near high-spin heme (Midpoint potential?) 
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Table 2.1 (cont.) 
 
H376  H-bond with A-propionate of high-spin heme (Potential pump site) 
N377  Near A-propionate of high-spin heme  
T378  Water pool on top of propionates 
G383 
H384  High-spin heme ligand 
F385 
H386  Low-spin heme ligand 
G431 
G443 
R449  H-bond with D-propionate of high-spin heme and A-propionate of low-spin 
heme 
R450  H-bond with A-propionate of low-spin heme 
Y542  Helix 13 
 
 
 
95% Conservation 
Residue Suggested role      
G39 
Y/R46  H-bond with D-propionate of low-spin heme 
Y66 
V131 
L132 
F135 
G148 
T/S156  H-bond W193 
L181 
P210 
R/K225  Salt bridge D287 (Exit pathway?) 
F238 
L240 
G256 
D/E262  Salt bridge R266 
R/K266  Salt bridge D262 
F269 
D/E287   Salt bridge R225 (Exit pathway?) 
S/T309  K-channel 
A318 
R/K325  Salt bridge E321 
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Table 2.1 (cont.) 
 
G328 
G331 
L339 
G360 
D/N372   H-bond with A-propionate of high-spin heme (Potential pump site) 
P406 
P448 
L537 
 
Subunit II 
100% Conservation 
Residue Suggested role   
E15  K-channel 
D111  CuA site 
H114  CuA site 
P129 
G130 
C149  CuA site 
C153  CuA site 
H157  CuA site 
M160  CuA site 
 
95% Conservation 
Residue Suggested role  
P92 
N124 
Q151  (Exit pathway?) 
G154 
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Table 2.2 Steady-state oxygen reductase activity and proton pumping of the wild type and 
mutant enzymes  
Protein ba3 Turnover % 
(e-/sec ba3) 
Proton 
pumping1 
Predicted K-channel mutants 
WT 100 % 
(300e-/s) 
+ 
T312K 4 % _ 
T312S 13 % + 
T312V <1 % ND 
D262N 76 % + 
S261A 93 % + 
E15A(II) <1 % ND 
E15Q(II) <1 % ND 
E15D(II) 19% + 
Y244F 15 % + 
Y248F <1% ND 
Y248T <1% ND 
T315V 6% _ 
S309V <1% ND 
S309T 73% + 
Predicted D-channel mutants 
R100M 112 % + 
S155A 33% + 
T156A 112 % + 
S109A 102% + 
E17Q 50% + 
Y91F 95% + 
I235E 57 % + 
I235Q 21 % + 
T21V 105% + 
Predicted Q- channel mutants 
Q254E 100 % + 
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Table 2.2 (cont.) 
 
T396V 27% + 
Q254L-E17Q 100% + 
 
1The “+” indicates proton pumping stoichiometry equal to that observed with the wild type oxidase. 
The “-“ implies that experimental evidence shows severely reduced or no proton pumping. “ND” 
indicates the activity was too low to obtain reliable proton pumping data. 
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Table 2.3 Reduction and oxidation kinetics of the wild type and mutant enzymes 
 
 
 
Reduction rate constant (1/s): 
           Heme a3 Heme b 
WT 21 60 
Y248F 0.9 32 
T312V <0.1 32 
E15A <0.1 33 
 
Oxidation rate constant (1/s): 
WT ND (too fast) >400 
Y248F ND (too fast) 100 
T312V ~0.5 ND (too slow) 
E15A ~0.5 ND (too slow) 
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CHAPTER 3: PROTON EXIT CHANNEL IN THE BA3-TYPE CYTOCHROME C  
            OXIDASE OF THERMUS THERMOPHILUS  
 
3.1 Introduction: 
Cytochrome c oxidase is a critical redox-driven proton pump enzyme in aerobic 
respiratory chains of most Bacteria, Archaea and all eukaryotic mitochondria. These 
unique membrane-bound proteins catalyze the O2 reduction to water and conserve the 
energy for proton translocation across the cell membrane via specific proton-conducting 
channels. The generated proton electrochemical gradient can be utilized for other 
biological activities, for example, ATP synthesis. A number of proton pumping models 
propose that specific residues in the channels play key roles in the pumping mechanism 
(1-6) but much remains to be elucidated about the proton pump mechanism.  
Many aerobic microbes have branched electron transfer chains. Their genomes 
encode multiple oxygen reductases which are differentially expressed depending on the 
cellular and environmental conditions. The thermophilic bacterium Thermus 
thermophilus (HB8) encodes two heme-copper oxygen reductases; the caa3-type and the 
ba3-type oxygen reductase. The caa3 oxygen reductase (7), a member of the A-family, is 
expressed under high levels of oxygen and at lower temperatures. The ba3 oxygen 
reductase(8, 9), a member of the B-family, is expressed at higher temperatures where 
oxygen levels are limited due to low O2 solubility (60-85C), participating in an electron 
transfer chain in which electrons are transferred from the bc1 complex to a soluble 
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cytochrome c552, which donates them to the ba3 oxygen reductase.  
Site-directed mutagenesis experiments coupled with structural analysis have 
identified two critical proton-conducting channels in the A-family, the K- and D-channels 
(10-12). K-channel leads from a conserved glutamate residue at the cytoplasmic interface 
of subunits I and II to the cross-linked histidine-tyrosine cofactor. It has been proposed to 
deliver one or two protons to the active site for O2 reduction into water molecules. The 
D-channel leads from a conserved aspartate on the cytoplasmic surface of subunit I to a 
highly conserved glutamate (E286 in R. sphaeroides) around 10 Å from the binuclear 
center. D-channel is believed to deliver six or seven protons needed to complete each 
catalytic cycle, including all four of the pumped protons. From E286, the pumped protons 
are transferred to the exit channel and then to the bacterial periplasm. However, the 
proton conduction beyond E286 and the exit pathway to the opposite side of the 
membrane are still controversial, although a number of experimental and theoretical 
studies have been presented (13-23). For example, the identification of the proton loading 
site (pump site) has remained elusive, primarily due to the transient nature of the 
protonation/deprotonation cycle. Puustinen and Wikström reported the experimental data 
of mutations of R481 in the cytochrome bo3 quinol oxidase from Escherichia coli and 
concluded that this arginine/propionate ion pair may play critical roles of proton pumping 
mechanism in the beginning of the proton exit pathway (13). Nevertheless, Hyun Ju et al., 
recently proposed that neither R481 nor the D-propionate of heme a3 is a viable candidate 
as the proton pump site revealed from the equivalent mutants of R481 in the oxidase from 
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R. Sphaeroides (22). Constantinos et al., postulated the role of the A-propionate of heme 
a3-D372-H2O sites as a proton carrier to the proton exit channel in ba3 oxidase by using 
FTIR Spectroscopy (23). Recently, we reported the ba3-type cytochrome c oxidase from T.  
thermophilus using a single input channel for proton delivery to the active site and for 
proton pumping. Comparison of the structural properties conserved between the 
heme-copper oxygen reductase families, along with the requirement that the proton pump 
site must be able to cycle between protonation states multiple times during each reaction 
cycle, leaves only the active-site heme propionates, histidine ligands to CuB and 
surrounding water molecules as viable candidates for the proton loading site (24).  
Hence, in this work we used site-directed mutagenesis for enzyme functional 
studies and the reduced minus oxidized FTIR to investigate the protonation/deprotonation 
events in the H-bonding network around A-propionate of active-site heme a3, D372 and 
H376. The current work shows that the H-bonding network including heme a3 and D372 
might be the proton loading site. 
 
3.2 Materials and methods: 
3.2.1  Purification of recombinant proteins  
The expression and purification of the T. thermophilus ba3 oxidase and nature 
electron donor cytochrome c552 were performed as previously described (47, 48). 
 
3.2.2 Site-directed mutagenesis  
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Mutants were constructed using QuickChange site-directed mutagenesis kits 
obtained from Strategene. DNA oligonucleotides were synthesized at either the UIUC 
Biotechnology Center (Urbana, IL) or Integrated DNA Technologies (Coralville, IA). 
Sequence verification of the mutagenesis products was performed at either the TSRI 
nucleic acids center or the UIUC Biotechnology Center. 
 
3.2.3  Steady-state activity  
Steady-state oxygen reductase activity was performed as previously described 
(24). Briefly, the activity was measured with a YSI model 53 oxygen meter equipped with 
a water-jacketed and stirred-glass measuring vessel. The reaction mixture contained 1.8 
mL of buffer (10 mM Tris-HCl, 0.05% DM at pH 7.5), 10 mM ascorbate, 0.5 mM TMPD, 
and 30µM cytochrome c552, which was prepared as previously described (48, 49). The 
enzyme turnover (mol electrons/second-mol enzyme) was calculated from the slope of 
the oxygen consumption traces.  
 
3.2.4  Preparation of liposomes and proton pumping measurement  
Cytochrome oxidase vesicles (COVs) were made as previously described (50). 
The purified enzymes were each reconstituted into phospholipid vesicles. 
Proton-pumping experiments were carried out using a stopped-flow technique. pH 
changes upon mixing of reduced cytochrome c552 with vesicles containing the 
ba3-oxidase were monitored at 558.7 nm, which shows the color change of the 
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pH-indicator phenol red, at a wavelength that is strictly isosbestic for the reduced and 
oxidized states of cytochrome c552 (50). In the presence of valinomycin to increase K+ 
permeability, proton pumping was revealed by a decrease in pH, with protons being 
driven outside the vesicles being electrically balanced by K+ going in. Addition of the 
proton ionophore CCCP destroys the proton gradient allowing protons to rapidly 
equilibrate between the inside and outside of the vesicles. In this condition, a increasing 
in pH is because the net uptake of protons due to the net chemical reaction.  
 
3.2.5 Sample Preparation for FTIR Difference Spectroscopy 
The FTIR difference spectra were obtained using the techniques previously 
described (51, 52). A 3-bounce attenuated total reflectance (ATR) attachment with a 3 
mm diamond prism (SensIR now Smiths Detection) was used with a BioRad (now Varian 
Inc.) FTS-575C FTIR spectrophotometer equipped with a liquid nitrogen cooled MCT 
detector. A thin film containing the enzyme was adhered to the surface of the diamond 
prism. First step is the detergent removal from the purified enzyme and pellet the enzyme. 
10 µl of 250 µM enzyme solution was diluted 300-fold with water. The solution was 
concentrated using an Amicon 50 K membrane concentrator to a final volume of 500 µl. 
This dilution and concentration was repeated. The final suspension of enzyme was 
pelleted using a bench-top centrifuge. The pellet was re-suspended in 10 µl of water and 
could be stored at -80˚C. To prepare the protein film, 6 µl of this sample was pipetted 
onto the ATR diamond prism and air-dried for a few minutes. This caused the protein to 
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stick firmly to the crystal surface. The protein film was rehydrated by first humidifying 
the air around the film until a stable FTIR spectrum is recorded. Then a 1 ml solution of 
the perfusion buffer (30 mM HEPES, 20 mM KCl, 5 mM MgCl2, pH 8.5, in H2O) is put 
on the film in order to re-wet the sample. The protein concentration is estimated to be 
approximately 500 µM. The sample was sealed with an acrylic lid, designed to allow the 
space above the film to be perfused with buffer of any composition. In this way, the redox 
status of the enzyme was altered, as previously described, to obtain the fully reduced and 
fully oxidized states. Upon changing the buffer composition, the state of the enzyme in 
the film was monitored by visible spectroscopy using a home-built apparatus with an 
Ocean Optics USB2000 spectrometer. The absorption spectrum in the visible was 
obtained by reflectance off the surface of the sample on the diamond ATR crystal. Thus, 
one can record the visible spectrum simultaneously with the infrared spectrum as the 
buffer composition is changed. In general, the sample was equilibrated with a buffer by 
flowing the solution over the sample for about 1 h. A peristaltic pump (Cole-Parmer, 
Masterflex C/L) and a valve controller (Hamilton) are used for the flow and exchange of 
buffers. All experiments were performed at 22˚C with a flow speed of 0.33 ml/min.  
 
3.2.6 The fully reduced-minus-oxidized difference spectrum  
The oxidized enzyme was obtained by flowing the perfusion buffer (30 mM 
HEPES, 20 mM KCl, 5 mM MgCl2, pH 8.5) including 1mM ferricyanide over the sample. 
To reduce the enzyme, an aliquot of a freshly prepared solution of dithionite (3 mM final 
 48 
concentration) was added to the perfusion buffer. Each FTIR spectrum consisted of 512 
interferograms which were averaged. This ‘‘single-beam’’ (detector response) spectrum 
(512 averaged interferograms) was recorded in one state and, after changing buffers, 
recorded in the second state. Triangle apodization was used for the Fourier transformation. 
The oxidized and reduced single-beam spectra were ratioed to obtain the absorbance 
difference spectrum (-log10(oxidized/reduced)). This oxidation reduction cycle was 
repeated to improve the signal to noise ratio (S/N) for each sample and the spectra from 
at least 2 samples were averaged. All experiments performed with 4 cm-1 spectral 
resolution. 
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3.3 Results: 
X-ray crystallographic result has shown that two amino acid residues, D372 and 
H376, form hydrogen bonds with the A-propionate of the active-site heme a3, are 
conserved in the oxygen reductase families (24) (Figure 3.1). The aspartate residue D372 
is reported to be important to play an important role in the proton translocation even 
though various results were obtained in previous experiments (14, 27, 43-46). The highly 
conserved H376 is in the middle of this network, corresponding to H411 of aa3-type in R. 
sphaeroides, is reported to be a ligand binding residue in the Mn binding site (25).  
To investigate the possibility of D372 and H376 residues in proton translocation 
beyond the single proton conducting channel, K-analogue, a set of mutants was made and 
examined (Table 3.1). D372N and D372V mutants, exhibit little or no influence on 
catalytic activity or proton pumping whereas D372E has only 7% activity of wild-type 
and respiratory control ratio (RCR) is about 1. The other two mutants, D372I and D372A, 
retain oxygen reductase activity (50% and 15%) respectively, but abolish proton 
translocation. The analysis of proton pumping clearly show that the wild type pumps 
protons, while no significant acidification is observed in D372I and D372A, presumably 
by blocking proton transfer to the proton exit channel (Figure 3.2A). H376 mutants 
exhibit quite low oxygen reductase activity (~5% or lower) and low RCR are shown in 
H376A, H376N and H376D, probably due to inaccurate subunit assembly result in a 
structural change. However, replacing the imidazole ring of H376 to tyrosine or 
phenylalanine (H376Y and H376F), both mutants have high oxygen reductase activity 
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(~100%) and are able to pump protons (Figure 3.2B). These experimental results suggest 
that D372 might be involved in proton transfer while H376 is likely to play a role in 
structural stability of the enzyme.  
To explore a possible role of D372-A-propionate of heme a3 in proton 
translocation, we decided to investigate the protonation/deprotonation of acidic residues 
in wild type and mutated ba3 enzyme with the FTIR difference spectroscopy. Most of the 
spectral features are tentatively assigned in a previous work from Hellwig et.al. (26). To 
confirm the protonation/deprotonation events in the recombinant wild type ba3 enzyme, 
the reduced minus oxidized FTIR difference spectra are recorded in both H2O and D2O 
media (Figure 3.3). The (C=O) stretching of the protonated carboxylic acids absorb in 
the 1710-1770 cm-1 region. In the wild type difference spectrum a peak and a trough at 
1751/1740 cm-1 is observed indicating a protonated acidic group going under some 
conformational or environmental change upon reduction and oxidation of the enzyme. 
This spectral feature shifts to 1743/1736 cm-1 upon deuterium exchange which confirms 
that this protonated acidic group is solvent accessible. The negative bands at 1694 cm-1 
and 1679 cm-1 are also sensitive to deuterium exchange. Both in aa3 and ba3 type 
oxidases these bands are previously assigned to (C=O) stretchings of the propionate 
groups of the hemes a/a3 and b/a3, respectively (26, 27).  
In A-family oxidase, the highly conserved glutamate (E286, R. sphaeroides aa3; 
E242, bovine heart aa3; E278, P. denitrificans aa3 and E286, E.coli bo3 oxidases 
numbering) at the end of the proton conducting D-channel has been proposed to be 
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involved in protonation/deprotonation reactions (28, 29). This crucial residue which is 
reported to be involved in several mechanisms of kinetic gating is replaced with an 
isoleucine (I235, Thermus numbering) in the ba3 type oxidase. Including D372, the 
crystal structure also shows other two acidic residues in the ba3 oxidase that are close to 
the binuclear center (Figure 3.1). They are D287 of subunit I and the E126 of subunit II. 
Sequence alignments of B-family oxidases reveal that D287 is conserved as acidic 
residues where E126 is conserved as methionine (24). 
To explore which acidic group is protonated in ba3 oxidase, mutations of these 
acidic residues are also investigated by FTIR difference spectroscopy. The reduced minus 
oxidized FTIR difference spectra of the D372I, D287N and E126Q are shown in Figure 
3.4. In the D287N spectrum the spectral feature 1751/1740 cm-1 is just shifted to 
1753/1742 cm-1 and is conserved. Similarly in the E126Q spectrum, a trough is observed 
at 1740 cm-1. These findings simply suggest that these two residues are not the source of 
the signal observed at 1751/1740 cm-1 in the wild-type spectrum. However the D372I 
mutant spectrum shows a trough and a peak at 1743/1736 cm-1 which indicates either a 
drastic change in the reduced peak position or replacement of the original signal with a 
new one. The latter is acceptable if the initial signal is from D372 and introduction of a 
hydrophobic group results in the protonation of one of the close by acidic residues, either 
E126 or D287.  
The double difference spectrum of wild-type minus D372I (Figure 3.5) shows 
clearly that replacing aspartate with isoleucine removes the original peak and trough at 
 52 
1751/1740 cm-1 and adds a new set at 1745/1738 cm-1. This new set may be arising due to 
the relocation of the proton sitting on D372 to E126 which is H-bonded to D372 via A 
propionate of heme a3. This finding is also supported by the change in the propionate 
bands at 1675 and 1698 cm-1. These bands are intensified in the D372I spectrum. This 
indicates that at least one of four heme propionate groups is protonated in D372I mutant 
(Figure 3.5). The positive peak at 1573 cm-1 may be tentatively assigned to the 
asymmetric (COO-) stretching of deprotonated form of the D372 which is directly 
interacting with one of the heme a3 A propionate oxygens which results in the assignment 
of the protonation of this propionate group rather than the other three. The D propionates 
are coupled with the highly conserved positively charged arginines 449 and 450 which 
make them unlikely to be protonated. The A propionate of heme b is far from the site of 
the mutation. So it is also less likely that the propionates of heme b will undergo a drastic 
change upon a mutation ~15 Å away. 
Further investigation of the reduced minus oxidized FTIR spectra of the D372 
also revealed its importance as a part of the proton pathway (Figure 3.6). Interestingly, 
the pumping mutant, D372N, kept the overall spectral feature comparison with wild type 
where the non-pumping D372I mutant has the previously discussed feature. Mutation to 
alanine at this site severely disturbs the pumping of the enzyme. A similar protonation 
state in the carboxylic acid region is observed in D372I and D372A mutants. This is 
confirmed by the conservation of the trough/peak at 1743/1736 cm-1 and 1741/1734 cm-1 
in D372I and D372A spectra, respectively. These experimental results confirm that D372 
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plays an important role in proton translocation. 
The A propionate of heme a3 is only 2.6 Å away from H376 which is highly 
conserved among most cytochrome oxidases (Figure 3.1) (24). Ab initio density 
functional theory (DFT) calculations (30, 31) showed that C5N1 ring stretching of 
histidine side chains have IR absorptions in the 1050-1100 cm-1 region. Although the 
frequency of this stretching is strongly dependent on the protonation state and metal 
binding of the two ring nitrogens, N1(τ) and N3(pi). So these bands are used to monitor 
histidine protonation reactions in other oxidases (32). The 1050-1150 cm-1 region of the 
reduced minus oxidized FTIR difference spectrum of wild-type and mutant ba3 oxidases 
contains the histidine side chain ring (C5N1 stretching) absorptions (Figure 3.7). A 
decrease in the intensity of 1121 cm-1 trough and an increase in the intensity of 1099 cm-1 
trough observed upon D372I mutation. The higher frequency band expected when the 
N3(pi) nitrogen of the histidine ring is protonated and the lower frequency band is 
expected when N1(τ) nitrogen is protonated. So replacement of aspartate 372 with an 
isoleucine probably disturbs the nearby histidine (376) causing some kind of reorientation 
of the histidine side chain. This reorientation might start with the deprotonation of N3(pi) 
nitrogen by breaking possible H-bonds to one of the nearby H-bond acceptor which may 
be one of the O atoms of A propionate of heme a3 or D372 side chain or the water 
molecule (W23) and end with formation of a new H-bond between one of those acceptors 
and the N1(τ). 
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3.4 Discussion and conclusions: 
Most models of proton pumping are based on an electrostatic coupling between 
electron and proton transfer (1, 2, 4, 6, 33-35) in which a protonatable pump site(s) 
alternates its protonation state during the catalytic cycle, coupled to the redox states of 
the metal cofactors. Minimally any proton pumping mechanism requires the following 
three elements: (i) a chemistry generating a proton deficiency; (ii) a “pump site” (proton 
loading site) that alternates between protonated (high-pKa) and deprotonated (low-pKa) 
states; (iii) and kinetic gates to assure that the protons arriving at the pump site in the 
deprotonated state come from the “inside” aqueous phase (cytoplasm/matrix), and that 
protons ejected from the pump site in the protonated state are released to the outside 
aqueous phase (periplasm/inter-membrane space). The kinetic gate guarantees that proton 
movement will be unidirectional, with no protons from the outside or from the pump site 
returning to the active site or the inside aqueous phase. 
Recent studies on B- and C-family oxidases (36-39) have demonstrated that the 
mechanism of oxygen
 
reduction to water is essentially the same as in the A-family, with a 
novel active-site cross-linked cofactor donating an electron and proton to break the O2 
bond. Since all of the oxygen reductase families are evolutionarily related and share a 
common reaction mechanism generating a proton deficiency at the active site, it is likely 
that they also share a conserved mechanism for proton pumping. The proton loading 
site(s) probably might be the same for all families and structurally conserved (40). 
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However the identification of the proton pump site is still controversial. The proton pump 
must require at least one protonated site which is able to cycle between protonation states 
multiple times. Many candidates that have been recently proposed (1, 2, 4, 6, 33-35, 41, 
42) include (R. sphaeroides numbering): tryptophans near the active-site (W172 and 
W280), either or both of the CuB ligands (H333 and H334), the D-propionate of the 
active-site heme, either of the arginines forming ion pairs with the D-propionates of the 
two hemes (R481 and R482), an arginine near the formyl group of heme a (R52), the 
A-propionate of the active-site heme, and a cluster of water molecules above the active 
site between subunits I and II. 
The aspartate residue D372 corresponding to D399 in the P. denitrificans aa3 
oxidase, D407 in the R. sphaeroides aa3 and E. coli bo3 oxidase which is hydrogen 
bonded to the A-propionate of active-site heme a3 is believed to be important to play an 
important role in the proton translocation even though various results were obtained in 
previous experiments with other cytochrome c oxidases (14, 27, 43-46). In P. 
denitrificans, D399N mutant does not change the properties of the oxidase, whereas 
D399L mutant retains only ~7% oxidase activity and abolish proton pumping (43). Qian 
et al. proposed that D407 does not play any essential role in R. sphaeroides, a number of 
D407 mutants exhibit nearly wild-type activities, suggesting that D407 is not important 
for proton translocation (16). Similar results were also obtained in E. coli cytochrome bo3 
oxidase (45). In this study, D372 mutants are similar to previous studies in other oxidases 
except D372I and D372A mutants, and these experimental results suggest that D372 is 
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critical and might be involved in proton translocation.  
The FTIR difference spectra of the reduced and oxidized ba3-type oxidase showed 
the presence of a protonated acidic group that is solvent accessible. Unlike aa3-type 
oxidases, ba3-type oxidase has no acidic residues (E286 in the R. sphaeroides aa3) below 
the active site towards the cytoplasmic side of the membrane. However, crystal structure 
shows three acidic residues just above the active-site heme a3 (D287, E126 and D372). 
Mutations of these residues to hydrophobic residues clearly showed that neither D287 nor 
E126 is protonated in the reduced or oxidized states. On the other hand mutations of 
D372 (D372I and D372A) clearly show changes in the protonated heme propionate 
signals (Figure 3). These data indicates that the solvent accessible proton on the D372 
side chain is relocated in the H-bonding network, more specifically to heme a3 A 
propionate as explained above.  
All of the above findings show clearly that the H-bonding network around 
A-propionate of heme a3- D372 seem to play an important role in the accommodation of 
a proton sitting above the heme a3 and interacting with it’s a propionate. Hence, we 
propose a proton pumping mechanism, applicable to all oxygen reductase families, that is 
centered around the A-propionate of the active-site heme. Protons can be transferred to a 
histidine ligand of CuB, and from there to the active-site heme A-propionate. In the 
A-family, the pumped protons are transferred through the D-channel to the δN of the 
H334 ligand (R. sphaeroides) to CuB, and then to the A-propionate (see Figure 1).  for 
the B-family oxidases, we propose that the pumped protons are instead transferred 
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through the K-channel analogue to the δN of the H282 ligand to CuB (H333 ligand in R. 
sphaeroides) and then to the A-propionate (see Figure 1). The identification of the 
active-site heme A-propionate as the most possible proton pump site is in accordance 
with recent experimental results from members of the A-family (1, 6). 
If, as we propose, the kinetic gating mechanism(s) is also shared by all of the 
heme-copper oxygen reductase families, this mechanism(s) most likely also involves the 
histidine ligands to CuB and the A-propionate of the active site heme and potentially 
could be mediated by water molecules in this region of the protein. 
 
Summary 
Results from the study suggest that the H-network including A-propionate heme 
a3 and D372 is the proton loading site in B-family, probably applicable to all oxygen 
reductase families. The future efforts are likely to focus on structural studies and accurate 
kinetic analysis about how the mutants (D372I and D372A) abolished proton 
translocation. 
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3.5 Figures and tables: 
 
Table 3.1: Steady-state oxygen reductase activity and proton pumping of the wild 
type and mutant enzymes  
 
Protein ba3 Turnover 
% 
(e-/sec 
ba3) 
Respirator
y control 
ratio 
Proton 
pumping1 
  
WT 100 
(300e-/s) 
8 + 
D372N 70  6 + 
D372V 65  4 + 
D372E 7  1 ND 
D372I 50 4 _ 
D372A 15  4 _ 
    
H376A 4  1 ND 
H376N 7  1 ND 
H376D <1  ND ND 
H376Y 95  7 + 
H376F 130  7 + 
    
 E126Q(II) 100  7 + 
D287N 77  2 ND 
 
The “+” indicates proton pumping stoichiometry equal to that observed with the wild type oxidase. 
The “-“ implies that experimental evidence shows severely reduced or no proton pumping. “ND” 
indicates the activity was too low to obtain reliable proton pumping data. 
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Figure 3.1 The two key subunits I (cyan) and II (yellow) are depicted in the cell 
membrane along with low-spin heme group and binuclear center. In the B-family there is 
only one functional pathway, the K-channel analogue (dashed blue arrows). The pumped 
protons are released to P-side of the membrane (solid blue arrows). The most possible 
proton pump site is shown in the right box. In the A-family pumped protons are taken up 
via the D-channel, ending at E286. They are then transferred to the histidine ligand of 
CuB closest to the D-channel (dashed red arrows). From there the protons are transferred 
to the A-propionate. In the B-family the protons are taken up by the K-channel analogue 
and transferred to the histidine ligand of CuB closest to the K-channel analogue and then 
to the H-bonding network of heme A-propionate-D372 (dashed blue arrows). The figure 
was prepared with program VMD (UIUC) and PyMOL (Delano Scientific) from the 
crystal structure reported in (8, 9). 
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Figure 3.2 Proton pumping measurements on four mutant forms of cytochrome ba3 using 
the stopped-flow procedure described in the Materials and Methods section of the paper.  
Qualitatively, the H+/e- ratios are comparable with wild-type enzyme. 
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Figure 3.3 Reduced minus oxidized FTIR difference spectra of wild-type ba3 oxidase 
recorded in water and D2O. 
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Figure 3.4 Reduced minus oxidized FTIR difference spectra of wild-type and mutant ba3 
oxidases. Inset shows the blow-up of the protonated carboxylic acid region of the spectra. 
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Figure 3.5 Double difference spectra of wild-type minus D372I mutant ba3 oxidase. 
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Figure 3.6 Reduced minus oxidized FTIR difference spectra of wild-type and the mutants 
of D372. Shown are the protonated carboxylic acid region of the spectra. 
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Figure 3.7 Reduced minus oxidized FTIR difference spectra of wild-type and the 
asparagine and isoleucine mutants of D372. Shown are the lower frequency region of the 
spectra where histidine side chain absorptions are present.  
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CHAPTER 4: THE DIHEME CYTOCHROME C4 FROM VIBRIO CHOLERAE IS     
             A NATURAL ELECTRON DONOR TO THE CBB3-TYPE  
             CYTOCHROME C OXIDASE 
 
4.1 Introduction: 
Vibrio cholerae is a gram-negative bacterium with a polar flagellum. This 
organism naturally resides in a broad range of habitats from aquatic ecosystems to human 
intestinal tract depend on the sources of nitrogen, carbon and oxygen concentration in the 
environment. Most of strains are nonpathogenic, whereas some are pathogenic to cause 
cholera in humans. The genome of V. cholerae has been completely sequenced and four 
respiratory oxygen reductases have been reported (1). There are three bd-type oxygen 
reductases which use ubiquinol as the natural electron donor (2), and one cbb3-type 
heme-copper oxygen reductase (3), which is presumed to use a cytochrome c as its 
natural electron donor.  
The cbb3-type oxygen reductases are members of the heme-copper superfamily 
which includes enzymes that perform oxygen reductase chemistry or nitric oxide 
reduction chemistry(4-7). The vast majority of currently identified oxygen reductases 
within the heme-copper superfamily are classified as being in one of three families, the 
A-, B- and C-families (6, 7). The cbb3-type oxygen reductases (7-11) are members of the 
C-family and represent over 20% of the sequences of heme-copper oxygen reductases 
from the currently known genome sequences. In the past decade, cbb3-type oxygen 
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reductases have been purified and characterized from several bacterial species, including 
Rhodobacter sphaeroides (5, 12-17), Paracoccus denitrificans (18), Rhodobacter 
capsulatus (19-23), Vibrio cholerae (3, 24), Bradyrhizobium japonicum (25-29), 
Rhodothermus marinus (30-32), Pseudomonas stutzeri (33-37), Helicobacter pylori (38, 
39), and Sulfurihydrogenibium azorense (10). It has been demonstrated by mass 
spectrometry that the cbb3-type oxygen reductases have the signature histidine-tyrosine 
cross linked co-factor within their active site, but that the tyrosine comes from a different 
transmembrane span than for the A-family and B-family heme-copper oxygen reductases 
(15, 24).   
The physiological role of the cbb3-type oxygen reductases is generally defined by 
a high affinity for O2, allowing these enzymes to function at lower oxygen concentrations. 
Therefore these enzymes are often expressed under microaerophilic growth conditions (9). 
These enzymes are of particular interest because they are present in a number of 
pathogenic species and are proposed to be important for virulence by facilitating growth 
under conditions of low oxygen (40). The cbb3-type enzymes are the only oxygen 
reductases in Helicobacter pylori (41), Neisseria gonorrhoeae (42) and Neisseria 
meningitides (43) and are, therefore, potential drug targets for these significant human 
pathogens.   
To understand the physiological roles of the cbb3-type oxygen reductases, it is 
important to know the natural electron donor(s). In most cases, the natural electron donor 
is not known. One exception is the cbb3-type oxygen reductase from H. pylori, where the 
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natural electron donor has been shown to be cytochrome c553 (39). When the electron 
donors are not known, the purified enzymes are usually assayed using the artificial 
electron donor TMPD (reduced by ascorbate) as the electron donor. In a few instances, 
reduced horse heart cytochrome c can function as an electron donor (25), though often 
these assays are also performed in the presence of TMPD.  
Throughout the genome of V. cholerae, 31 proteins were found to include the 
motif of Cys-Xaa-Xaa-Cys-His (CXXCH), the peptide heme c binds, of which 14 have 
N-terminal signal sequences, indicating these are cytochrome c’s and are components of 
the bacterial envelope. Under aerobic growth conditions, six major c-type cytochromes 
are visualized by SDS-PAGE analysis using a stain for covalently bound heme (44).  
Two of these six cytochromes c have been identified as the CcoO and CcoP subunits of 
the cbb3-type oxygen reductase (44). A third heme-containing band was tentatively 
identified as the YecK subunit of biotin sulfoxide reductase (44). It is likey that one of 
the heme-staining bands corresponds to the PetC gene, encoding the cytochrome c1 
component of the bc1 complex, but this remains to be shown. The best candidates for the 
remaining two heme-staining bands in aerobically grown V. cholerae are the cycA and 
cycB gene products, corresponding to cytochrome c4 and cytochrome c5, respectively 
(Figure 4.1). Each of these cytochrome c’s is predicted to have a cleaved N-terminal 
signal sequence and to be located within the periplasm. The predicted molecular weights 
of the mature cytochromes c4 and c5 are 19.8 kDa and 11.5 kDa, respectively. The V. 
cholerae genome also encodes two additional c-type cytochromes of unknown function 
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that are predicted to be periplasmic (44). Their predicted molecular weights (9.1 kDa and 
8.5 kDa) do not match the major heme-staining proteins reported for aerobically grown V. 
cholerae (44). It is likely, therefore, that cytochrome c4 and/or cytochrome c5, might be 
an electron donor to the cbb3-type oxygen reductase and responsible for shuttling 
electrons between the bc1 complex and the heme-copper oxygen reductase. For this 
reason, we cloned CycA and CycB genes from V. cholerae and successfully 
overexpressed in E. coli and purified the di-heme cytochrome c4 and mono-heme 
cytochrome c5 proteins.   
It is shown that cytochrome c5 does not function as an electron donor to the 
purified cbb3-type oxygen reductase from V. cholerae, whereas cytochrome c4 can 
support oxygen reductase activity at a rate of at least 300 e-1/s at 25oC. Cyclic 
voltammetry was used to determine the midpoint potentials of the two hemes in 
cytochrome c4 to be 240 mV and 340 mV (vs SHE).   
So far, only few cytochrome c4 proteins have been purified and characterized 
(Figure 4.2). Sequence alignment reveals that cytochrome c4 of V. cholerae has 30~50% 
identity to the c4 proteins from Azotobacter vinelandii, Pseudomonas stutzeri, 
Pseudomonas putida and Acidithiobacillus ferrooxidans and over 80% identity to Vibrio 
parahaemolyticus. Genomic analysis indicates that a cytochrome c4 and a cbb3-type 
oxygen reductase are often both encoded within the genomes of bacteria within the β- and 
γ- proteobacterial clades, which includes V. cholerae (a γ- proteobacterium). It is 
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suggested that one function of cytochrome c4 within β- and γ- proteobacteria is to transfer 
electrons from the bc1 complex to the cbb3-type oxygen reductase.  
 
4.2 Materials and methods: 
4.2.1  Construction of expression plasmids 
The cytochrome c expression vectors were constructed as described 
previously(45). Briefly, the signal peptide fragment of the Thiobacillus versutus and the 
mature cycA or cycB fragment were ligated together and cloned into pET17b, obtained 
from Novagen. The genes of the mature cytochrome c’s were obtained by PCR from 
genomic DNA. The oligonucleotides used were as follows: forward primer 
5'-CAAGGCGCCCAGGCCCAAGGTAGTATCGAAG -3' and reverse primer 
5'-AAGGATCCCTAGTGTAGGCCACCTAC -3' for cycA; forward primer 
5'-CAAGGCGCCCAGGCTCTAACTGAAGCCGATA-3' and reverse primer 
5'-AAGGATCCTTACAGGCCTGCGATCATA-3' for cycB. The primers were designed 
for introducing a 5’ NarI site and a 3’ BamHI site in order to create a full-length chimeric 
T. versutus / V. cholerae cycA or cycB gene and cloned into pET17b. 
 
4.2.2  Cell growth and enzyme expression and purification  
Conditions of cell growth and enzyme expression were similar to those previous 
reported (45). The recombinant expression plasmids were expressed in a strain that also 
contained plasmid pEC86, which expresses maturation genes for cytochrome c in E. coli 
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(ccmABCDEFGH)(27). The two plasmids were co-transformed into E. coli BL21(DE3) 
competent cells which were then streaked on a Luria-Bertani (LB) agar plate containing 
50 µg/ml ampicillin and 30 µg/ml chloramphenicol (27, 45). The cells were grown in 1 L 
of culture medium in a 2.8 L, Fernbach flask to A600 = 0.8-1, and then expression of the 
cytochrome c was induced with 1 mM IPTG. After 7 hours, the cells were harvested by 
centrifugation at 7,000 × g for 15 min. Generally, about 10 g of cell paste was collected 
from each liter of growth media. The cell pellet was a reddish-brown color, indicating the 
overexpression of cytochrome c. 
 
4.2.3  Purification of recombinant cytochrome c4 and cytochrome c5 
Each of the recombinant cytochrome c’s was purified by column chromatography, 
using procedures similar to those used for the purification of recombinant cytochrome 
c552 from T. thermophilus (45) .Briefly, the collected cell pellet was homogenized in 25 
mM Tris-HCl (pH 7.5), 8 mM MgSO4, DNase I, 0.1% Triton X-100 and protease 
inhibitor cocktail. The suspended cell mixture was passed through a microfluidizer three 
times at a pressure of 20,000 psi. The cell debris was spun down at 8000 rpm for 30 min 
at 4°C. The supernatant was loaded onto a 5x20 cm CM-52 cellulose column 
(Whatman) and eluted with a gradient of 0 to 1 M NaCl in 25 mM Tris-HCl (pH 7.5) 
buffer. Fractions which were reddish-brown were collected and concentrated using 
concentrators (Amicon) with YM-10 membranes. The concentrated protein was loaded 
onto a 2.6x100 cm gel filtration column (Sephacryl S-100 High Resolution; GE 
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Healthcare) equilibrated with 100 mM potassium phosphate buffer (pH 7.0) at flow rate 
0.4 ml/min. The protein was collected and dialyzed overnight against 25 mM Tris-HCl 
and then loaded onto the buffer-equilibrated 1.6x20 cm DEAE-5PW column 
(Toso-HaaS). The column was eluted using a gradient of 0 to 1 M NaCl in 25 mM 
Tris-HCl (pH 7.5) buffer. The eluted protein was dialyzed and concentrated again as 
described above and then flash-frozen in liquid nitrogen and stored at −80 °C. The final 
yield of the purified cytochromes c4 and c5 were about 15 mg and 5 mg per liter of cell 
culture, respectively. 
 
4.2.4  SDS-PAGE analysis  
The purified c-type cytochromes were analyzed using SDS-PAGE. Protein was 
visualized using Coomassie Blue and heme staining (46) was used to identify proteins 
containing covalently attached heme c. Pre-cast 15% SDS-PAGE gels from ISC 
BioExpress were used. After electrophoreses, the gels were then incubated in 15 mL of 
6.3 mM 3,3‘,5,5‘-tetramethylbenzidine (TMBZ from Sigma) and 35 mL of 0.25 M 
sodium acetate, pH 5.0, for 1 h. The gels were then stained for heme by adding H2O2 to a 
final concentration of 30 mM. 
 
4.2.5  Spectrophotometric Measurements 
Spectra of the isolated cytochromes were acquired with a Shimadzu 
UV−vis-2101PC spectrophotometer. The enzyme sample (3-17 µM) was examined in 25 
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mM Tris-HCl buffer at pH 7.5. The enzymes were oxidized with 2 µL of 1 mM Fe(CN)6 
and reduced with a small amount of solid dithionite, both obtained from Sigma. Spectra 
were scanned from 375 nm to 800 nm. The concentrations of the cytochrome c’s were 
estimated from the spectra of the reduced cytochromes using extinction coefficients of 40 
mM-1cm-1 at 553 nm for the di-heme cytochrome c4 (47, 48) and 20 mM-1cm-1 at 555 nm 
for the mono-heme cytochrome c5 (49). 
 
4.2.6 Cyclic voltammetry 
Reduction potentials were measured using protein film voltammetry (50, 51). The 
cytochrome c4 was applied directly to a freshly polished pyrolytic graphite-edge (PGE) 
electrode surface and then placed into solution in a thermostated all-glass cell encased in 
a Faraday cage. Since oxygen does not interfere with measurements in the range of 100 
mV–500 mV (vs. SHE), measurements were performed aerobically. Analogue-scan 
cyclic voltammetry was performed using a Bioanalytical Systems (West Lafayette, IN) 
CV-27 voltammograph with an in-house amplifier, and results were recorded via an 
in-house program. Data were analyzed using Fourier transformation and Origin 7.5 
(OriginLab Corp., Northampton, MA). Solution pH value was controlled by using 10 mM 
HEPES buffer containing 2 M NaCl at pH 7.0. 
 
4.2.7 Purification of the cbb3-type oxidase from V. cholerae   
The cbb3-type oxidase from V. cholerae was purified as previously described (3). 
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Briefly, V. cholerae cells were grown at 37 °C in LB media with 100 µg/L ampicillin 
(Fisher Biotech) and 100 µg/L streptomycin (Sigma). Protein expression was induced 
with final 0.2% L-(+)-arabinose (Sigma). The cells were lysed and centrifuged for 4 hours 
at 40000 rpm to collect the membranes. The membranes were solubilized with 0.5% 
dodecyl β-D-maltoside (Anatrace). The cell mixture was spun down again at 40000 rpm 
for 30 min to remove nonsolubilized membranes. The supernatant was loaded onto nickel 
affinity column (Qiagen) and eluted with a stepped gradient of imidazole.  
 
4.2.8 Steady state kinetics using an oxygen electrode   
Cytochrome c oxidase activity was measured polarographically at 25 °C using a 
YSI model 53 oxygen meter. The standard reaction mixture contained1.8 mL of 50 mM 
sodium phosphate (pH 6.5), 50mM NaCl, 0.05% DM, 10 mM sodium ascorbate and the 
cytochrome c to be tested. The cytochrome c4 and cytochrome c5 concentrations were 
varied in the range of 1 µM to 100 µM. The O
2
 consumption reaction was initiated by the 
addition of the oxidase to a final concentration of 50 nM. The dependence of activity on 
ionic strength was measured by varying the concentration of NaCl from 10 mM to 150 
mM using 20 µM of cytochrome c4 reduced by 10mM sodium ascorbate in 10 mM 
sodium phosphate (pH 6.5) buffer, 0.05% DM.  
 
4.2.9 Steady state kinetics by stopped flow spectrophotometry 
To prepare the pre-reduced cytochrome c4, the sample was reduced with sodium 
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dithionite and the excess dithionite was removed by gel filtration. The steady state 
kinetics between the cbb3 oxidase from V. cholerae and the pre-reduced cytochrome c4 
was monitored at 25 °C with Applied Photophysics SX-17MV stopped-flow spectrometer 
as follow. One syringe of the stopped-flow apparatus was filled with 400 nM of the 
cbb3-type oxidase in 50 mM sodium phosphate (pH 6.5), 150 mM NaCl, 0.05 % DM, 
while the pre-reduced cytochrome c4 in the same buffer was loaded into the other syringe. 
The concentration of cytochrome c4 was varied from ~ 1 µM to 60 µM for different 
measurements. After mixing, the reaction was followed spectrometrically from 400 nm 
-700 nm for 50 s -1000 s using a photodiode array. Using a least square fitting method 
(52), the spectrum at each time point was deconvoluted into the component spectra of 
reduced and oxidized cytochrome c4, which had been collected separately by mixing 
cytochrome c4 with either sodium dithionite or potassium ferricyanide. The 
concentrations of the reduced and oxidized cytochrome c4 at each time point were then 
used to calculate the reaction rate at each point. By using different starting concentrations 
of cytochrome c4 in different measurements, the reaction rates at various combinations of 
reduced and oxidized cytochrome c4 concentrations were obtained. The reaction rates 
were plotted against reduced cytochrome c4 concentrations at a fixed oxidized 
cytochrome c4 concentration, and the KM and Vmax for each plot were obtained by 
non-linear least square fitting to the standard Michaelis-Menten kinetics model (rate = 
Vmax [S]/(KM [S]). All data processing and analyses were performed with Mathematica. 
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4.3 Results: 
4.3.1  Expression and purification of recombinant cytochrome c’s:  
A heterologous E. coli expression system (53) was used to obtain recombinant 
cytochromes c4 and c5 from V. cholerae. Following the procedure successfully employed 
previously for the expression of cytochrome c552 from Thermus thermophilus (45), the 
DNA fragments encoding the predicted sequence of the mature cytochromes c4 and c5 
were fused to a DNA fragment encoding the signal peptide 
(MKISIYATLAALSLALPAGA) of cytochrome c550 from Thiobacillus versutus (54). It 
has been known that the synthesis of pre-apoprotein of cytochrome c is in the cytocplasm 
and its attached N-terminal signal peptide will target to the periplasm where the mature 
cytochrome c folds when heme binds correctly. Based on amino acid sequence alignment, 
both cytochromes c4 and c5 are predicted to have cleaved signal peptides and to be 
soluble, periplasmic proteins. The predicted cleavage sites are after Ala36 and Ala23 for 
cytochromes c4 and c5, respectively. In addition, the 24th residue of cytochrome c5 was 
changed from Leu, to Gln to enhance the recognition by the E. coli signal peptidase to 
cleave the new cutting site. This hybrid construct was then cloned into the commercial 
expression vector pET17b
 
and co-transformed into E. coli BL21(DE3) with plasmid 
pEC86 (27, 53) , which encodes genes required for the maturation of c-type cytochromes 
in E. coli. Transformants were found to express the cytochrome c’s upon IPTG induction 
(45) and the recombinant proteins were isolated as described in the Methods section.   
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4.3.2  Absorption Spectra measurements: 
The optical spectra of cytochrome c4 and cytochrome c5 were measured with the 
Shimadzu UV−vis-2101PC spectrophotometer (Figure 4.3). The spectra of each are 
consistent with previously published reports of homologues from other organisms (47-49). 
In the reduced form, the absorption spectrum of cytochrome c4 has three maxima at 
553nm, 523nm and 417nm, corresponding to the α-, β- and γ- (Soret) bands, respectively 
(Figure 4.3B). The maxima in the oxidized form of cytochrome c4 are at 528nm and 409 
nm. Figure 4.3B shows two features shared by all cytochrome c4’s: (1) A split α-band 
with maxima at 553nm and 549nm. (2) A low ratio of the amplitude of the α-band 
compared to the β-band, 553
523
1.05A
A
= .  
Reduced cytochrome c5 has maxima at 554.8nm, 524.6nm and 419nm, 
corresponding to the α-, β- and γ -(Soret) bands, respectively. The α/β ratio 555
525
1.5A
A
= .  
The spectrum of the oxidized cytochrome c5 has two peaks at 526nm and 413nm. These 
features are consistent with previous reports of cytochrome c5’s(49). 
 
4.3.3  SDS-PAGE characterization:  
The purified cytochrome c's stained with Coomassie Blue on the SDS PAGE is 
shown in Figure 4.4. Staining with Coomassie Blue (Figure 4.4A), the purified 
cytochrome c4 has a single band near 20kDa which contains covalently bound heme 
(Figure 4.4B). The expected molecular weight of the mature cytochrome c4 is 19,791. 
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Cytochrome c5 has a single heme-staining component running near the expected 
molecular weight of 11,480, but there is a major protein contaminant that does not 
contain heme. Since cytochrome c5 does not function as a reductant for the cbb3-type 
oxidase (see below), no further effort was made to improve the purification. 
 
4.3.4  Rates of oxygen reduction by the V. cholerae cbb3-type oxidase using 
cytochromes c4 and c5: 
Figure 4.5A compares the rates of oxygen reduction, measured with an oxygen 
electrode, by the V. cholerae cbb3-type oxidase using ascorbate plus either i) horse heart 
cytochrome c, ii) recombinant cytochrome c4 or iii) recombinant cytochrome c5. These 
assays were performed in the absence of the mediator TMPD, which can itself function as 
a substrate for the cbb3-type oxidase. The data (Figure 4.5A) show that neither the horse 
heart cytochrome c nor cytochrome c5 is effective as a substrate, whereas cytochrome c4 
is capable of supporting turnover at rates over 300 e-1/s at 25oC. This turnover is 
comparable to what is observed with 0.5 mM TMPD in the presence of ascorbate to 
maintain the TMPD reduced (not shown). The turnover using recombinant cytochrome c5 
is more than a factor of 10 less (7%) than that observed with cytochrome c4, and horse 
heart cytochrome c is an even worse substrate. The oxidase activity with cytochrome c4 is 
rapidly stopped upon the addition of 25 µM cyanide (Figure 4.5B), showing that the 
oxidase activity is catalyzed by the cbb3-type oxygen reductase. The data in Figure 4.5A 
does not indicate saturation even at concentrations of cytochrome c4 as high as 100 µM. 
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Activity was compared using 50 nM of the oxidase and 20µM cytochrome c4, varying the 
concentration of NaCl from 1 mM to 150 mM (Figure 4.5C). These data indicate that the 
apparent binding of cytochrome c4 to the oxidase is not sensitive to ionic strength and 
that the lack of saturation of activity as a function of the concentration of cytochrome c4 
is not due to weak binding due to the selected ionic strength. It was determined, however, 
that under the conditions used for the assays with the oxygen electrode, the ascorbate 
does not maintain the cytochrome c4 fully reduced.  
 
4.3.5  Stopped flow spectrophotometry:  
To better understand the lack of saturation in the steady state kinetics 
measurements using the oxygen electrode, steady state activity was also measured by 
stopped flow spectrophotometry, mixing pre-reduced cytochrome c4 with a solution 
containing the cbb3-type oxidase. The oxidation of cytochrome c4 was monitored by 
recording the change of the absorption spectrum from 400 nm to 700 nm using a 
photodiode array. The initial concentration of cytochrome c4 was varied from 1 to 60 µM 
and spectra were obtained as a function of time for each initial condition. The spectra 
were deconvoluted to quantify the concentration of oxidized and reduced cytochrome c4 
in solution as a function of time. From this large matrix of data, the rate of oxidation of 
cytochrome c4 could be determined for a wide range of concentrations of both the 
reduced and oxidized forms of cytochrome c4. These data were plotted to show how the 
rate of oxidation varies as a function of reduced cytochrome c4 in the presence of a 
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specific concentration of oxidized cytochrome c4 (Figure 4.6A-E). If the oxidized 
cytochrome c4 is a competitive inhibitor for the reduced cytochrome c4, one would expect 
that the data would show a constant Vmax and increasing KM as the concentration of 
oxidized cytochrome c4 increases. However, this is not the case, and both Vmax and KM 
increase as the concentration of oxidized cytochrome c4 increases (Figure 4.6F). One 
complication is that the spectral deconvolution with the least square method is not 
satisfactory in the case of cytochrome c4 because cytochrome c4 contains two hemes 
which have different spectra. The assumption that either both are oxidized or both are 
reduced is not realistic. Attempts were not made to analyze the data with more complex 
models. Despite this, the current analysis indicates the following significant points. 
1) Oxidized cytochrome c4 has a significantly higher affinity for the cbb3-type 
oxidase than does reduced cytochrome c4. Hence, the apparent KM increases in 
the presence of relatively small amounts of oxidized cytochrome c4 (Figure 
4.6F). If the concentration of oxidized cytochrome c4 is greater than 2.5 µM, 
the KM of reduced cytochrome c4 is too large to obtain a reasonably accurate 
fitting to the Michaelis-Menten model. 
2) During the manipulation of the pre-reduced cytochrome c4 to load the stopped 
flow syringe, a significant amount of autoxidation occurs. Hence, none of the 
data represent a starting condition in which cytochrome c4 is actually fully 
reduced. 
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3) Because of the spectroscopic complications of having two different heme 
components in cytochrome c4, data fits are not sufficient to extrapolate to 
obtain true values for either Vmax of KM. Phenomenologically, as the 
concentration of oxidized cytochrome c4 increases, both the apparent Vmax and 
KM increase. The inhibitory influence of oxidized cytochrome c4 and the 
increasing concentration of oxidized cytochrome c4 that accumulates as the 
reaction proceeds, explains the lack of saturation under conditions used for the 
oxygen electrode assays (Figure 4.5B). 
 
4.3.6  Electrochemistry: 
The reduction potentials of cytochrome c were measured using protein film 
voltammetry. Cytochrome c4 was found to be amenable to direct electrochemical 
characterization by adhering the protein to a carbon electrode. The midpoint potentials of 
the two heme components of the recombinant cytochrome c4 were measured by cyclic 
voltammetry (Figure 4.7). Four well defined redox peaks are observed and the o
mE  
values of the two heme groups were determined to be approximately 240 mV and 340 
mV (vs SHE). 
 
 88 
4.4 Discussion and conclusions: 
Although initially thought to be confined to proteobacteria (7, 11), the cbb3 
oxygen reductases are widely distributed among bacterial phyla (5, 10). Although there 
are exceptions, most archaea lack c-type cytochromes (55), and no example of a 
cbb3-type oxidase in an archaea has been reported. Nearly all studies have focused on the 
role of the C-family (cbb3) oxygen reductases in the aerobic respiratory chains of 
proteobacteria (8), exceptions being the cbb3-type oxidases from Rhodothermus marinus 
(yet to be confirmed in the genome sequence) (30-32) and from Sulfurihydrogenibium 
azorense (10).  
In most cases, the natural electron donors for these C-family oxygen reductases 
are not known. The current work has identified the di-heme cytochrome c4 as a natural 
electron donor to the cbb3-type oxygen reductase from the γ-proteobacterium, V. cholerae.  
Cytochrome c4 is one of five cytochrome c’s encoded in the genome of V. cholerae that 
are predicted to be soluble, periplasmic proteins (44). Cytochromes c4 and c5 appear to be 
among the major cytochrome c’s expressed under aerobic growth conditions (44). 
Heterologous expression in E. coli was successful, generating soluble cytochromes c4 and 
c5. Cytochrome c4 from V. cholerae has spectroscopic and electrochemical properties 
similar to the cytochrome c4’s from other organisms. These include the high midpoint 
potentials (240 mV and 340 mV, vs SHE) of the two hemes, the split α-band and the low 
ratio of the peak heights of the α- and β-bands (48, 56, 57).  
Cytochrome c4 can clearly donate electrons to the cbb3-type oxidase, supporting 
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steady state reduction of O2 at a rate of at least 300 e-1/s. Rates attained using either 
cytochrome c5 of horse heart cytochrome c were a 10- to 20-fold less under comparable 
conditions. The one caveat is that the steady state rate of cytochrome c4 oxidase activity 
does not saturate and quite high concentrations (100 µM) are required to reach the 
turnover of 300 s-1. The lack of saturation (Figure 4.5A) is unusual and not expected. By 
comparison, the steady state turnover of H. pylori cytochrome c553 by the H. pylori 
cbb3-type oxidase is 250 s-1 with a Km of 0.9 µM (39).   
The nearly linear dependence of oxygen reductase activity as a function of the 
concentration of cytochrome c4 (Figure 4.5B) can be qualitatively explained as being due 
to the potent inhibitory effect of oxidized cytochrome c4. There is a significant 
concentration of oxidized cytochrome c4 present at all times during the oxygen reductase 
assay and the presence of ascorbate even as high as 100 mM does not alleviate this 
problem. The data do show that the true Vmax for the oxidation of cytochrome c4 must be 
at least 300 s-1, but the true Km cannot be measured using this assay. It is quite 
conceivable that the true Km is in the range of 1 to 10 µM, but further work will be 
needed to determine this.   
Conditions within the periplasm of V. cholerae are certainly different from those 
used in the in vitro assays. Whether the observed inhibition by the oxidized cytochrome 
c4 has physiological significance is not clear, though this is unlikely. At this point, it is 
safe to conclude that cytochrome c4 is definitely a substrate for the cbb3-type oxidase and 
cytochrome c5 is not a substrate. 
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Analysis of sequenced genomes demonstrates that the distribution of cytochrome 
c4 is limited, with the majority of homologs being found within the β- and γ- 
proteobacterial clades. Cytochrome c4 is also sporadically distributed within the 
α-proteobacterial clade as well as a few other bacterial phyla. Bacteria within the β- and 
γ- proteobacterial clades which contain a cbb3 oxygen reductase are very likely to also 
contain a cytochrome c4. Within these groups of bacteria, it is reasonable to assume that 
cytochrome c4 is an electron donor to the cbb3 oxygen reductase. It is noted that the cbb3 
oxygen reductases within the β- and γ- proteobacterial clades all contain the auxiliary 
subunit CcoP, a di-heme cytochrome c which is the likely electron acceptor from 
cytochrome c4. A large number of the cbb3 oxygen reductases outside the β- and γ- 
proteobacterial clades are missing the CcoP subunit and others have an alternative subunit, 
CcoR (10). Indeed, many organisms that are outside the β- and γ- proteobacterial clades 
which encode a cbb3 oxygen reductase, do not contain cytochrome c4 and, therefore, must 
be using a different electron donor to this enzyme.  
Other γ-proteobacteria which contain cbb3 oxygen reductases include Azotobacter 
vinlandii (58), and Pseudomonas stutzeri (33-37). Knock-out mutants of both 
cytochromes c4 and c5 in A. vinlandii support a role for both of these cytochromes in 
aerobic respiration, though there are no data concerning a specific role with the cbb3 
oxygen reductase. The cytochrome c4 from P. stutzeri has been extensively characterized 
(47, 59-62), but its physiological role has not yet been defined.  
Acidothiobacillus ferrooxidans is a γ-proteobacterium whose genome includes 
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several cytochrome c4’s but which does not contain a cbb3-type oxidase (63-65). The 
cytochrome c4’s are strongly implicated in the aerobic respiratory chain (66-68). A. 
ferrooxidans is an obligate chemolithotropic bacterium which grows at acidic pH (pH 1.5 
to 4) and uses either ferrous ion or reduced sulfur compounds as an electron source. The 
cyc1 gene encodes a di-heme c4-type cytochrome c552 within an operon which includes an 
A-family oxygen reductase as well as the blue copper protein rusticyanin (69). These 
respiratory components comprise the electron transport chain between the ferrous iron 
oxidase and O2. The cytochrome c4 forms a complex with rusticyanin which is likely the 
immediate electron donor to the A-family oxygen reductase (68, 70). The structure of the 
Cyc1 cytochrome c4 has been determined and the complex with rusticyanin has been 
modeled computationally (64, 70-72). Two additional genes encoding cytochrome c4’s, 
cycA1 and cycA2, are in operons encoding two separate bc1 complexes (66). It is 
suggested that when growing on reduced sulfur compounds, CycA2 shuttles electrons 
from the bc1 complex encoded by the petII operon to one or several terminal reductases 
(66). When growing on Fe+2 , CycA1 is proposed to be part of an aerobic respiratory chain 
which runs in the reverse direction to generate NADH: CycA→bc1 (petI)→Q→Complex 
I (66, 67).  
The β-proteobacterial clade includes Neissseria meningitides and Neisseria 
gonorrhoeae, which are each human pathogens and are notable also for the fact that the 
cbb3 oxygen reductase is the only respiratory oxidase encoded in their genomes (42, 43).  
Knock-out mutations have implicated cytochrome c4 along with cytochrome cx (a 
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homologue of cytochrome c552 from T. thermophilus) as being an electron donor to the 
cbb3 oxygen reductase in N. meningitides (73). Cytochrome c5 is required for electron 
transfer to the nitrite reductase in N. meningitides (73). Knock-out mutations have also 
indicated a role of cytochrome c4 along with cytochrome c5 as substrates of the cbb3 
oxygen reductase in N. gonorrhoeae, but not cytochrome c2 (42). Interestingly, the CcoP 
subunit of the cbb3-type oxidase in N. gonorrhoeae has an extra cytochrome c-domain 
which is homologous to cytochrome c5, and this domain is implicated in electron transfer 
to the nitrite reductase which is tethered to the outer membrane (74). 
Outside the β- and γ- proteobacterial clades, there is limited information about the 
native electron donors for the cbb3 oxygen reductase. One exception is H. pylori, in 
which the mono-heme cytochrome c553 (39) is the substrate for the cbb3 oxygen reductase 
(38). H. pylori is an ε-proteobacterium. Closely related ε-proteobactera which contain 
cbb3 oxygen reductases and which might also use homologues of cytochrome c553 as 
substrates are Campylobacter jejuni (41, 75) and Wolinella succinogenes (76, 77). 
The cbb3 oxygen reductases have been biochemically characterized from several 
α-proteobacteria: Rhodobacter sphaeroides (5, 12-17), Paracoccus denitrificans (18), 
Rhodobacter capsulatus (19-23) and Bradyrhizobium japonicum (25-29). Using 
knock-out mutants, it was concluded that both the A- and C-family oxygen reductases 
from R. sphaeroides can utilize either cytochrome c2 or membrane-anchored cytochrome 
cy (21). Rubrivivax gelatinosus is an example of an α-proteobacterium which does not 
contain a C-family oxygen reductase, but does contain a cytochrome c4 (78). In this case, 
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cytochrome c4 has been shown to be involved in the photosynthetic electron transfer 
system (78). 
 
Summary  
We successfully cloned CycA and CycB genes from V. cholerae and overexpressed 
them in E. coli with an exogenous signal peptide. The current work shows that 
cytochrome c4 is the native electron donor for the C-family (cbb3) oxygen reductase in V. 
cholerae. Within the γ- and β-protobacterial clades, there is a strong correlation for the 
co-existence of a C-family oxygen reductase and a cytochrome c4, suggesting that in 
these organisms, it is likely that cytochrome c4 is a natural electron donor. This does not 
necessarily mean that cytochrome c4 is the endogenous electron donor for the entire 
C-family of heme-copper oxygen reductases. Analysis of currently sequenced genomes 
demonstrated that the phylogenetic distribution of cytochrome c4 is limited, with the 
majority of proteins being found within the β- and γ- proteobacterial clades. Outside the 
γ- and β-protobacterial clades there is clear evidence that other cytochrome c’s are 
substrates for C-family oxygen reductase, though in most cases, there are no data to 
identify these electron donors. 
 
 94 
4.5 Figures and tables: 
 
Figure 4.1 Nucleotide sequence and its translation of the cycA and cycB in V. cholerae.  
The predicted signal peptide is underlined and the heme c motifs (Cys-Xaa-Xaa-Cys-His) 
are indicated with dots. The solid arrows indicate two Cysteine residues to form an 
unusual disulfide bond which may be important for stabilized the c5 conformation.
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Figure 4.2 Alignment of amino acid sequences of the five homologous Cyt c4 proteins of 
V. cholerae, N. meningitides, A. ferrooxidans, P. stutzeri and A. vinelandii (A) and Cyt c5 
proteins of V. cholerae, N. meningitides (1st and 2nd domains), Nitrite Reductase 
(cytochrome c) and A. vinelandii (B). Black and gray outlines indicate identical and 
similar amino acid residues, respectively. As shown in Figure 1, the totally conserved 
amino acids have 30~50% identity in these enzymes. 
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Figure 4.3 Absorption spectra of fully reduced (solid line) and fully oxidased (broken 
line) V. cholerae (A) cytochrome c4 and (B) cytochrome c5. The insets show the α- and β- 
bands of the fully reduced cytochrome c4 (10µM) and cytochrome c5 (17µM).  
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Figure 4.4 SDS-PAGE of the isolated recombinant cytochromes c4 and c5. (A) 15% SDS gel 
stained with Coomassie blue. (B) Identical gel stained for heme. The lanes from left to right 
contain the cytochrome c5 (lane 1), cytochrome c4 (lane 2) and molecular weight standards 
(lane 3). 
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Figure 4.5 Steady state oxidase activity of the cbb3-type oxidase from V. cholerae. (A) 
Dependence on the concentration of cytochrome c4, cytochrome c5 and horse heart 
cytochrome c. The reaction mixture contained 50 mM sodium phosphate (pH 6.5), 50mM 
NaCl, 0.05% dodecylmaltoside, 10 mM sodium ascorbate, and the indicated amount of 
the cytochrome c, in a total volume of 1.8 ml. The oxygen consumption reaction was 
initiated by the addition of 50 nM of the oxidase. (B) Sensitivity of the oxidase activity to 
the addition of 25 µM cyanide. (C) Dependence of the oxidase activity on the 
concentration NaCl, measured with50 nM oxidase and 20 µM cytochrome c4, in the 
presence of 10mM sodium ascorbate, 10 mM sodium phosphate (pH 6.5) buffer and 
0.05% dodecylmaltoside. 
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Figure 4.6. The rates of oxidation of reduced cytochrome c4 by the cbb3-type oxidase 
from V. cholerae at different oxidized cytochrome c4 concentrations determined by 
stopped-flow spectroscopy and least square fitting. The oxidized cytochrome c4 
concentrations were (A)1.5 µM; (B) 2.0 µM, (C) 2.5 µM; (D) 3.0 µM and (E) 7.5 µM. 
The curves show the non-linear least square fitting of the points to Michaelis-Menten 
kinetics. The KM and Vmax values for 1.5 µM, 2.0 µM and 2.5 µM oxidized cytochrome c4 
are plotted in (F). 
 
 100 
   
                                                                                            
 
                                                                                                     
Figure 4.7 Cyclic voltammetry of the recombinant cytochrome c4 which was applied to a 
freshly polished pyrolytic PGE electrode. The solution contained 10 mM HEPES buffer 
and 2 M NaCl at pH 7.0. Values obtained (vs. SHE) were Epc1 = 0.26 V, Epc2 = 0.35 V, 
Epa1 = 0.23 V, Epa2 = 0.34 V and E1/2 = (Epc + Epa)/2 = 0.24 V and 0.34 V. 
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CHAPTER 5: CONCLUSIONS 
 
Cytochrome c oxidases belong to the heme-copper oxidases family and are the 
terminal enzyme of the respiratory chains widespread among aerobic organisms. These 
unique membrane-bound proteins catalyze the reduction of O2 to water molecules and 
pump protons across to the cell membrane. Despite the mechanism of redox-dependent 
proton translocation is still not fully understood on the molecular level since its first 
discovery in 1977, many important discoveries and results have been presented. Recent 
research has identified two indispensable proton input channels, the K- and D-channel, 
well established in the A-family oxygen reductases from the mitochondrial cytochrome c 
oxidases, R. sphaeroides and P. denitrificans. The current works show that (i) a critical 
structural element in the A-family oxygen reductases, the D-channel, is not present in the 
B-family enzymes, (ii) the H-network including A-propionate heme a3 and D372 as the 
most possible proton loading site in B-family, probably applicable to all oxygen 
reductase families and (iii) cytochrome c4 may be the primary endogenous electron donor 
for the C-family oxygen reductases within β- and γ- proteobacterial clades. 
The redox-coupled proton pump of the heme-copper oxygen reductases is an 
intricate device that seems to have evolved only once during the course of evolution. 
Comparison of available sequence and structural information about these enzymes is a 
powerful tool with which to identify non-common features that are peripheral to core 
 111 
behavior and to identify common features that are likely to be universally important to 
biological function.  
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APPENDIX A: DNA AND PROTEIN SEQUENCES OF BA3-TYPE 
 
 
ba3 cytochrome c oxidase protein sequence 
Subunit I  
1 mavr aseisrvyea ypekkatlyf lvlgflaliv gslfgpfqal nygnvdaypl 
55 lkrllpfvqs yyqgltlhgv lnaivftqlf aqaimvylpa relnmrpnmg lmwlswwmaf 
115 iglvvaalpl laneatvlyt fypplkghwa fylgasvfvl stwvsiyivl dlwrrwkaan 
175 pgkvtplvty mavvfwlmwf laslglvlea vlfllpwsfg lvegvdplva rtlfwwtghp 
235 ivyfwllpay aiiytilpkq aggklvsdpm arlafllfll lstpvgfhhq fadpgidptw 
295 kmihsvltlf vavpslmtaf tvaaslefag rlrggrglfg wiralpwdnp afvapvlgll 
355 gfipggaggi vnasftldyv vhntawvpgh fhlqvaslvt ltamgslywl lpnltgkpis 
415 daqrrlglav vwlwflgmmi mavglhwagl lnvprrayia qvpdayphaa vpmvfnvlag 
475 ivllvalllf iyglfsvlls rerkpelaea plpfaevisg pedrrlvlam drigfwfava 
535 ailvvlaygp tlvqlfghln pvpgwrlw 
 
Subunit II 
1 mvdehkahka ilayekgwla fslamlfvfi aliaytlath tagvipagkl ervdpttvrq 
61 egpwadpaqa vvqtgpnqyt vyvlafafgy qpnpievpqg aeivfkitsp dvihgfhveg 
121 tninvevlpg evstvrytfk rpgeyriicn qycglghqnm fgtivvke 
 
Subunit III 
1 meekpkgala vilvltltil vfwlgvyavf farg 
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ba3 cytochrome c oxidase DNA sequence 
Subunit I 
        1 atggcggtgc gcgcaagcga gattagccgg gtctacgagg cctatccgga gaagaaggcg 
       61 accctctact tcctggtcct gggcttcctc gccctcatcg tggggagcct cttcggcccc 
      121 ttccaggccc tgaactacgg gaacgtggac gcctatcccc ttctcaagcg cctccttccc 
      181 ttcgtccagt cctactacca gggcctgact ttgcacgggg tcctgaacgc catcgtcttc 
      241 acccagctct tcgcccaggc catcatggtc tacctgcccg ctagggagct gaacatgcgg 
      301 cccaacatgg gcctcatgtg gctctcctgg tggatggcct tcatcgggct cgtggtggcc 
      361 gccctccccc tcctcgccaa cgaggccacg gtgctttaca ccttctaccc gcccctcaag 
      421 gggcactggg ccttctattt gggggcgagc gtcttcgtcc tctccacctg ggtgagcatc 
      481 tacatcgtcc tggacctctg gcggcgctgg aaggcggcga acccagggaa ggtgaccccc 
      541 ttggtcacct acatggccgt ggtcttctgg ctcatgtggt tcctcgcctc cctcgggctc 
      601 gtgctggagg cggtcctctt cctcctcccc tggtccttcg gcctggtgga gggcgtggac 
      661 cccttggtcg cccgcaccct cttctggtgg acgggccacc ccatcgtcta cttctggctc 
      721 ctgcccgcct acgccatcat ctacaccatc cttcctaagc aggccggggg gaagctggtc 
      781 tccgacccca tggcccgcct cgccttcctc ctcttcctcc tcctctccac ccccgtgggc 
      841 tttcaccacc agttcgccga ccccgggatt gaccccacct ggaagatgat ccactccgtc 
      901 ctcaccctct tcgtggccgt gccgagcctc atgaccgcct tcaccgtcgc ggcgagcctg 
      961 gagttcgcgg ggcgcctcag gggcggcagg gggcttttcg gctggatccg ggccctcccc 
     1021 tgggacaacc ccgccttcgt ggctccggtc ctgggccttt tgggcttcat ccccgggggc 
     1081 gccgggggca tcgtgaacgc cagcttcacc ctggactacg tggtgcacaa caccgcctgg 
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     1141 gttcccggcc acttccacct ccaggtggcg agcctcgtga ccctcaccgc catgggctcc 
     1201 ctctactggc tcctccccaa cctcacgggc aagcccatct ccgacgcgca aaggcggctc 
     1261 ggcctggcgg tggtgtggct ctggttcctc ggcatgatga tcatggccgt tggcctccac 
     1321 tgggcggggc ttctcaacgt gccccggcgg gcctacatcg cccaggtgcc ggacgcctac 
     1381 ccccatgcgg cggtccccat ggtgttcaac gtcctggcgg ggatcgtcct cctggtggcg 
     1441 ctcctccttt tcatctacgg cctcttcagc gtcctccttt cccgggaaag gaagcccgag 
     1501 ctggcggagg ccccccttcc cttcgccgag gtgatctccg gtcccgagga ccgcaggctc 
     1561 gtcctggcca tggaccggat cgggttctgg ttcgccgtgg cggcgatcct cgtggtcctg 
     1621 gcctacgggc ccaccctggt gcagcttttc ggccacctca accccgtgcc ggggtggcgg 
     1681 ctctggtag 
 
Subunit II 
        1 atggtggacg agcacaaggc ccacaaggcg atcctggcct acgagaaggg gtggctcgcc 
       61 ttctccttgg cgatgctctt cgtcttcatc gccctcatcg cctacaccct ggccacccac 
      121 accgccgggg tcattcccgc cggaaagctt gagcgcgtgg accccaccac ggtaaggcag 
      181 gaaggcccct gggccgaccc ggcccaagcg gtggtgcaga ccggccccaa ccagtacacg 
      241 gtctacgtcc tggccttcgc cttcggctac cagccgaacc ccattgaggt gccccaaggg 
      301 gcggagatcg tcttcaagat cacgagcccg gacgtgatcc acggctttca cgtggagggc 
      361 accaacatca acgtggaggt gctcccgggc gaggtctcca ccgtgcgcta caccttcaaa 
      421 aggcccgggg agtaccgcat catctgcaac cagtactgcg gcctaggcca ccagaacatg 
      481 ttcggcacga tcgtggtgaa ggagtga 
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Subunit III 
1 atggaagaaa agcccaaagg cgcactggcg gtcatcctgg tcctgaccct caccatcctg 
      61 gtcttctggc tgggagtgta cgccgtcttc ttcgctaggg ggtag 
 
 
Cytochrome c4 protein sequence 
  1 mrgtpewywk ldnykwnvmk klalilsvla scsvwaqgsi eagkaksltc aachgadgns  
 61 pltiypklag qhekylekql kelklgassg gkqgrydpvm samamplsde diadlaayya  
121 smpisgnttp edvvaqgkvl ytagdasrgl taciachgprg ngtelsgfpk isgqhadyik  
181 aqlekfrsgt randmnemmr dvahkltdad idilskyvgg lh 
 
Cytochrome c4 DNA sequence 
  1 atgagaggta ccccagagtg gtactggaag cttgataatt ataaatggaa tgtcatgaag 
 61 aaattagcgc taatcttgag tgttttagcc agctgctctg tatgggccca aggtagtatc 
121 gaagctggta aagccaaatc tctaacctgt gctgcctgcc acggtgcaga cggcaacagc 
181 ccgttaacca tttaccctaa actggcaggg caacatgaga agtatcttga gaaacaactc 
241 aaggaactga aattgggtgc ttccagcggc ggaaaacagg gccgttatga tcctgtgatg 
301 agtgcaatgg cgatgccact gagcgatgaa gatatcgctg acttggcagc atactatgcc 
361 tctatgccta tctctggcaa taccacaccg gaagatgtcg tggcccaagg taaagtactt 
421 tataccgctg gggatgcatc acgtgggctg accgcttgta ttgcgtgtca tggtccgcgc 
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481 ggtaatggta cggagttatc aggctttcca aaaatttcag gccagcatgc tgactacatt 
541 aaagcgcagc tagaaaagtt ccgttccggc actcgtgcga acgatatgaa cgaaatgatg 
601 cgtgatgtgg cacataagct gaccgatgcg gatatcgata tcctatccaa atacgtaggt 
661 ggcctacact ag 
 
Cytochrome c5 protein sequence 
  1 mdmsrsllsv lfaaltfsta afalteadkn aiaerikpvg dvylagsepv qaaptgprdg  
 61 atvygtfcta chsagisgap ktgnaadwgp riaqgkdvlk nhalngfnam ppkgtcmdcs  
121 ddeivaaieh miagl 
 
Cytochrome c5 DNA sequence  
  1 ttacaggcct gcgatcatat gctcaatcgc agcaacgatt tcatcgtcag aacaatccat 
 61 acaggtgcct tttggcggca tggcattgaa gccgtttagc gcgtggtttt tcaacacatc 
121 cttaccttgg gcgatacgcg gtccccaatc ggcagcattg cctgttttcg gtgcaccaga 
181 gatccccgct gagtgacagg cagtacaaaa agtaccgtaa accgttgcgc catcacgagg 
241 acctgtagga gcggcttgta ctggttcgct acccgccaga tacacatcac ctaccggctt 
301 aatgcgttca gcaattgcat ttttatcggc ttcagttaga gcaaacgctg cagtagaaaa 
361 tgttagagca gcgaacagta cgcttaagag tgatcgagac atatccat
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APPENDIX B: PRIMERS 
 
ba3 cytochrome c oxidase primers 
ba3-D262N-F  5' gccggggggaagctggtctccaaccccatggcccgcctc 3' 
ba3-D262N-B  5' gaggcgggccatggggttggagaccagcttccccccggc 3' 
 
ba3-D287N-F  5' ggctttcaccaccagttcgccaaccccgggattgaccccacctgg 3' 
ba3-D287N-B  5' ccaggtggggtcaatcccggggttggcgaactggtggtgaaagcc 3' 
 
ba3-E321Q-F  5' accgtcgcggcgagcctgcagttcgcggggcgcctcag 3' 
ba3-E321Q-B  5' ctgaggcgccccgcgaactgcaggctcgccgcgacggt 3' 
 
ba3-S261A-F  5' ggaagctggtcgccgaccccatggcccgcctcgccttcct 3' 
ba3-S261A-B  5' aggaaggcgaggcgggccatggggtcggcgaccagcttcc 3' 
 
ba3-W193F-F  5' cgtggtcttctggctcatgttcttcctcgcctccctcgggctcg 3' 
ba3-W193F-B  5' cgagcccgagggaggcgaggaagaacatgagccagaagaccacg 3' 
 
ba3-primer-B     5' tgaagacgatggcgttca 3' 
ba3-primer-F     5' gaacgtggacgcctatc 3' 
ba3-primer-F-2   5' tcgtggccgtgccga 3' 
 
ba3-Q254E-F  5' gcccgcctacgccatcatctacaccatccttcctaaggaggccgg 3'  
ba3-Q254E-B  5' ccggcctccttaggaaggatggtgtagatgatggcgtaggcgggc 3'  
 
ba3-Q254L-F  5' gcccgcctacgccatcatctacaccatccttcctaagctggccggg 3'  
ba3-Q254L-B  5' cccggccagcttaggaaggatggtgtagatgatggcgtaggcgggc 3' 
 
ba3-D372I-F  5' gaacgccagcttcaccctgatctacgtggtgcacaacaccgcc 3'  
ba3-D372I-B  5' ggcggtgttgtgcaccacgtagatcagggtgaagctggcgttc 3'  
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ba3-D372A-F  5' gaacgccagcttcaccctggcctacgtggtgcacaacaccgcc 3'  
ba3-D372A-B  5' ggcggtgttgtgcaccacgtaggccagggtgaagctggcgttc 3'  
 
ba3-D372V-F  5' gaacgccagcttcaccctggtctacgtggtgcacaacaccgcc 3'  
ba3-D372V-B  5' ggcggtgttgtgcaccacgtagaccagggtgaagctggcgttc 3'  
 
ba3-N366D-F  5' ggcatcgtggacgccagcttcaccctggactacgtggtgcacaac 3'  
ba3-N366D-B  5' gttgtgcaccacgtagtccagggtgaagctggcgtccacgatgcc 3' 
 
ba3-W239F-F  5' ccatcgtctacttcttcctcctgcccgcctacgccatcatc 3' 
ba3-W239F-B  5' gatgatggcgtaggcgggcaggaggaagaagtagacgatgg 3' 
 
ba3-Y237Q-F  5' cgggccaccccatcgtccagttctggctcctgcccgcct 3' 
ba3-Y237Q-B  5' aggcgggcaggagccagaactggacgatggggtggcccg 3' 
 
ba3-Y91F-F  5' cgcccaggccatcatggtcttcctgcccgctagggagc 3' 
ba3-Y91F-B  5' gctccctagcgggcaggaagaccatgatggcctgggcg 3' 
 
ba3-S109A-F  5' gcctcatgtggctcgcctggtggatggccttcatcgggc 3' 
ba3-S109A-B  5' gcccgatgaaggccatccaccaggcgagccacatgaggc 3' 
 
ba3-T156A-F  5' gcgtcttcgtcctctccgcctgggtgagcatctacatcg 3' 
ba3-T156A-B  5' cgatgtagatgctcacccaggcggagaggacgaagacgc 3' 
 
ba3-R100M-F  5' ctgcccgctagggagctgaacatgatgcccaacatgggc 3' 
ba3-R100M-B  5' gcccatgttgggcatcatgttcagctccctagcgggcag 3' 
 
ba3-D372E-F  5' gaacgccagcttcaccctggagtacgtggtgcacaacaccgcc 3'  
ba3-D372E-B  5' ggcggtgttgtgcaccacgtactccagggtgaagctggcgttc 3'  
 
ba3-T312S-F  5' ccgtgccgagcctcatgtccgccttcaccgtcgcg 3'  
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ba3-T312S-B  5' cgcgacggtgaaggcggacatgaggctcggcacgg 3'  
 
ba3-T312V-F  5' ccgtgccgagcctcatggtcgccttcaccgtcgcg 3'  
ba3-T312V-B  5' cgcgacggtgaaggcgaccatgaggctcggcacgg 3' 
 
ba3-E15D-F  5' caaggcgatcctggcctacgacaaggggtggctcgc 3' 
ba3-E15D-B  5' gcgagccaccccttgtcgtaggccaggatcgccttg 3' 
 
ba3-S309T-F  5' ctcttcgtggccgtgccgaccctcatgaccgccttcac 3' 
ba3-S309T-B  5' gtgaaggcggtcatgagggtcggcacggccacgaagag 3' 
 
ba3-T315V-F  5' gcctcatgaccgccttcgtcgtcgcggcgagcctg 3' 
ba3-T315V-B  5' caggctcgccgcgacgacgaaggcggtcatgaggc 3' 
 
ba3-Y248T-F  5' gcccgcctacgccatcatcaccaccatccttcctaagc 3' 
ba3-Y248T-B  5' gcttaggaaggatggtggtgatgatggcgtaggcgggc 3' 
 
ba3-T21V-F  5' gcctatccggagaagaaggcggtcctctacttcctggtcctg 3' 
ba3-T21V-B  5' caggaccaggaagtagaggaccgccttcttctccggataggc 3' 
 
ba3-T396V-F  5' gcgagcctcgtgaccctcgtcgccatgggctccctctact 3' 
ba3-T396V-B  5' agtagagggagcccatggcgacgagggtcacgaggctcgc 3' 
 
ba3-E17Q-F  5' gtctacgaggcctatccgcagaagaaggcgaccctctacttc 3' 
ba3-E17Q-B  5' gaagtagagggtcgccttcttctgcggataggcctcgtagac 3' 
 
ba3-E126Q(II)-F  5' gagggcaccaacatcaacgtgcaggtgctcccgggcgag 3' 
ba3-E126Q(II)-B  5' ctcgcccgggagcacctgcacgttgatgttggtgccctc 3' 
 
ba3-E126L(II)-F  5' gagggcaccaacatcaacgtgctggtgctcccgggcgag 3' 
ba3-E126L(II)-B  5' ctcgcccgggagcaccagcacgttgatgttggtgccctc 3' 
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ba3-T302V-F  5' gaagatgatccactccgtcctcgtcctcttcgtggccgt 3'  
ba3-T302V-B  5' acggccacgaagaggacgaggacggagtggatcatcttc 3' 
 
ba3-H376D-F  5' ttcaccctggactacgtggtggacaacaccgcctgggt 3'  
ba3-H376D-B  5' acccaggcggtgttgtccaccacgtagtccagggtgaa 3' 
 
ba3-H376Y-F  5' acccaggcggtgttgtacaccacgtagtccagggtgaag 3'  
ba3-H376Y-B  5' cttcaccctggactacgtggtgtacaacaccgcctgggt 3' 
 
ba3-H376F-F  5' acccaggcggtgttgaacaccacgtagtccagggtgaag 3'  
ba3-H376F-B  5' cttcaccctggactacgtggtgttcaacaccgcctgggt 3' 
 
 
Cytochrome c4 and cytochrome c5 primers 
 
c4 Forward    5' aagagctctaaggaggaaacataatgagaggtacccc 3' 
c4 Backword   5' aaggatcctcaatgatgatgatgatggtggtgtaggccaccta 3' 
 
c5 Forward    5' aagagctctaaggaggaaacataatggatatgtctcgatcac 3' 
c5 Backword   5' aaggatcctcaatgatgatgatgatggtgcaggcctgcgatcatatg 3' 
 
c4 M_Forward  5' aagagctctaaggaggaaacataatgcaaggtagtatcgaagc 
c5 M_Forward  5' aagagctctaaggaggaaacataatgctaactgaagccgataaaa 
 
c4 Forward    5' caaggcgcccaggcccaaggtagtatcgaag 3' 
c4 Backword  5' aaggatccctagtgtaggccacctac 3' 
 
c5 Forward    5' caaggcgcccaggctctaactgaagccgata 3' 
c5 Backword  5' aaggatccttacaggcctgcgatcata 3' 
 
SG1-F   5' tctcatatgaagatcagcatctatgccact 3' 
SG2-B   5' ctgggcgccggcggg 3' 
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c41-F      5' tgcccgccggcgcccaggcccaag 3' 
SG3-F     5' ggaattccatatgaagatcagcatctatgccact 3' 
 
c5-SG2-B   5' ctgggcgccggcggg 3' 
c5-1-F     5' tgcccgccggcgcccaggctctaa 3' 
 
QC-c5-1-F   5' tgcccgccggcgcccaggctcaaactgaagccg 3' 
QC-c5-1-B   5' cggcttcagtttgagcctgggcgccggcgggca 3' 
 
c5his-tag-B1   5' (aaggatccttagtggtg) gtggtggtggtgcaggcctgcgatcata 3' 
c5his-tag-B1-1(no-NdeI site) 5' (aaggatccttagtggtg) gtggtggtggtgcaggcctgcgatcatgtgctc 3' 
 
c4his-tag-B1    5' (aaggatccttagtggtg) gtggtggtggtggtgtaggccacctac 3'   
c4c5his-tag-B2  5' aaggatccttagtggtggtggtggtggtg 3' 
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LIST OF SYMBOLS AND ABBREVIATIONS 
 
 
Amp           ampicillin 
 
A. f            Acidithiobacillus ferrooxidans 
 
A. v            Azotobacter vinelandii 
 
B.j             Bradyrhizobium japonicum 
 
Bp             base pair 
 
CCCP          carbonyl cyanide m-chlorophenylhydrazine 
 
CcO            cytochrome c oxidase 
 
C. j            Campylobacter jejuni 
 
Cm             chloramphenicol  
 
CO             carbon monoxide 
 
CV             Cyclic Voltammetry 
 
DEAE           Diethylaminoethyl 
 
DM             n-dodecyl β-D-maltoside 
 
E. coli           Escherichia coli 
 
EDTA           ethylenediaminetetraacetic acid 
 
FTIR            Fourier transform infrared spectroscopy   
 
HEPES          4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 
 
H. p             Helicobacter pylori 
 
IPTG            Isopropyl β-D-1-thiogalactopyranoside 
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Kan             kanamycin 
 
mL              milliliter 
 
µL              microliter 
 
MW             molecular weight 
 
NADH           reduced nicotinamide adenine dinucleotide 
 
N. m             Neisseria gonnorhoeae 
 
N. m             Neisseria meningitidis 
 
Ni-NTA          nickel nitrilotriacetic acid 
 
nm              nanometer 
 
P. d             Paracoccus denitrifican 
 
P. p             Pseudomonas putida 
 
P. s             Pseudomonas stutzeri 
 
REG            pyrolytic graphite-edge 
 
R. c             Rhodobacter capsulatus   
 
R. g             Rubrivivax gelatinosus       
 
R. m            Rhodothermus marinus 
 
R. s             Rhodobacter sphaeroides 
 
S. a             Sulfurihydrogenibium azorense   
 
SDS-PAGE       sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
 
TMPD           N,N,N’,N’-tetramethyl-p-phenylenediamine 
 
TMBZ           3,3‘,5,5‘-tetramethylbenzidine 
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T. t              Thermus thermophilus 
 
T. v              Thiobacillus versutus 
 
UV              ultraviolet 
 
Val              valinomycin 
 
V. c              Vibrio cholerae 
 
V. p              Vibrio Parahaemolyticus 
 
W. s             Wolinella succinogenes 
 
WT              wild type 
 
τ                time constant 
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